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IN TUBE EVAPORATION OF CARBON DIOXIDE 
WITH AND WITHOUT OIL 
SUMMARY 
Increasing environmental concerns have accelerated research on refrigerants for 
refrigeration industries. Candidates for alternative refrigerants that have no 
environmental impact are under evaluation for a long-term solution.  As a result, a 
significant focus is placed on natural refrigerants (e.g. CO2, ammonia, hydrocarbons, 
air, water, etc). Among these alternatives, carbon dioxide offers benefits such as non-
toxicity, non-flammability, no need for either recycling or recovery, low cost, as well 
as zero ODP and the lowest GWP.  
Currently the most attractive CO2 applications are water heaters, heat pumps, 
automotive air-conditioning systems, cascade system, food preservation system. To 
improve the efficiency of these applications, evaporators are an important component 
to optimize. Specifically, a correct understanding of CO2 flow boiling heat transfer and 
pressure drop allows improved efficiency of the system. Besides that in refrigeration 
system, the oil presence in the system components is unavoidable due to the oil carry 
over from the compressor lubrication. The oil existence in the evaporator influences 
heat transfer and pressure drop characteristics. In general, it is expected that effect of 
the oil on heat transfer coefficients leads to reduction of the heat transfer coefficient. 
For that reason, flow boiling of CO2 with oil has been the objective of many studies 
but mostly for the high temperature applications such as automotive air-conditioning 
systems.  
In this study; pure CO2 and CO2 with miscible Polyester oil (POE) flow boiling heat 
transfer, pressure drop and flow regimes are measured in macro scale tubes at 
evaporation temperature values of15°C and 30°C. The measured results show that 
for both pure CO2 and CO2 with POE oil the effect of the heat flux and mass flux on 
flow boiling heat transfer coefficient have the same trends, where the heat transfer 
coefficient increases by increasing heat and mass flux. The effect of oil used in this 
study results in an increase, decrease or negligible in the heat transfer coefficient 
depending on the local operating conditions and tube size. Low heat flux and low 
concentration may cause an increase of heat transfer coefficient to compare pure 
baseline because oil improves wettability of the refrigerant mixture. In addition, the 
measured data is compared with different existing correlations, but none of them have 
given good agreement. The correlations used to compare with the data are either for 
conventional refrigerant or only for CO2. All of the correlations have empirical 
parameters based on their database and it is presented that this database has not got the 
same temperature and heat flux range as that in study and also many of them for 
stainless steel tube which already has discrepancy with those obtained by the copper 
tubes. Hence, a new correlation is developed from the experimental data for the flow 
boiling heat transfer of pure CO2. 
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BORU İÇERİSİNDE YAĞLI VE YAĞSIZ 
KARBON DİOKSİTİN BUHARLAŞMASI  
ÖZET 
Geleneksel soğutucu akışkanların çevre üzerindeki negatif etkilerinden dolayı 
soğutma endüstrisinde alternatif soğutucu akışkanlar konusundaki araştırmalar hızla 
artmaktadır. Çevre üzerinde olumsuz etkisi bulunmayan çözüm teşkil edecek soğutucu 
akışkanlar değerlendirilmekte ve doğal soğutucu akışkanlar (CO2, amonyak, 
hidrokarbonlar, hava ve su gibi) çözüm için öncelikli olarak incelenmektedir. Bu 
alternatifler arasında karbondioksitin avantajları; zehirleyici etkisi olmaması, yanıcı 
olmaması, geri dönüşüm ve geri kazanım gerektirmemesi, düşük maliyeti, ozon 
tabakasını etkilememesi ve küresel ısınma potansiyelinin düşük olmasıdır. Çevresel 
faktörlerinin yanı sıra CO2 sahip olduğu düşük kritik nokta sıcaklığı, buhar yoğunluğu, 
yüzey gerilimi ve sıvı viskozitesi gibi özellikleri nedeniyle diğer akışkanlarla 
karşılaştırıldığında aynı fiziksel koşullarda daha yüksek ısı geçiş katsayısı ve daha 
düşük basınç kaybı sağlamaktadır.  
Karbondioksitin en çok kullanıldığı uygulamalar; su ısıtıcıları, ısı pompaları, otomobil 
klima sistemleri, kaskad sistemler, yiyecek hazırlama, süper market soğutma 
işlemleridir. Bu uygulamalarda ki verimliliğin artırılması için buharlaştırıcıların 
optimize edilmesi gerekmektedir. Özellikle karbondioksitin buharlaşması ve basınç 
kaybının doğru anlaşılması sistem verimliliğinin arttırılmasını sağlayacaktır.  
Bu konuda önem arz eden diğer bir araştırma konusu CO2- yağ karışımınlarının 
buharlaşması ve sistem verimi üzerindeki etkileridir. Soğutma sistemlerinde 
kompresörde kullanılan yağ, yağ filtresi kullanılmasına rağmen soğutucu akışkana 
%1-%10 arasında karışarak buharlaştırıcı bölümüne kadar ulaşmakta ve soğutma 
sistemlerinde verim düşüşüne neden olmaktadır. Soğutucu akışkan yağ ile 
karıştırıldığında tüm termofiziksel özellikleri değişir. Özellikle yağların buharlaşma 
sıcaklıkları, yüzey gerilmeleri, sıvı yoğunlukları ve viskoziteleri soğutucu akışkanlara 
göre oldukça yüksek olduğundan karışımın bu özellikleri konsantrasyona bağlı olarak 
artmakta ve buharlaşma ve yoğuşma prosesini olumsuz etkilemektedir. Bir çok 
literatür çalışmasında  ısı geçiş katsayısının çok düşük konsantrasyonlarda bile yüzde 
elli oranlarında düştüğü gözlemlenmiştir. CO2 yağ karışımı çalışmalarında çoğunlukla  
yüksek doyma sıcaklıklarında olan  uygulamalar ele alınmış ve bu uygulamalarda 
kullanılan CO2 ile kısmen karışabilen PAG yağ karışımlarının buharlaşma ısı geçiş 
katsayısı ve basınç kaybı deneysel olarak incelenmiştir. Yağ konsantrasyonu arttıkça 
buharlaşma ısı geçişinin azaldığı tespit edilmiştir. Bu çalışmada ise düşük doyma 
sıcaklığı uygulamaları ele alınmakta ve  bu koşullar için endüstride en fazla tercih 
edilen, CO2 ile tamamen karışabilen POE yağ karışımlarının buharlaşma ısı geçiş 
katsayısı, basınç kaybı ve akış rejimleri incelenmektedir.  
Deneysel çalışmada -15 0C ve -300C olmak üzere iki farklı doyma sıcaklığı, 40~400 
kg/m2s aralığında dört farklı kütlesel akı, 0.5~15 kW/m2 aralığında dört farklı ısı akısı 
ve % 0~4 yağ konsantrasyonları için kuruluk derecesinin 0.1 den 0.9 a kadar olan 
değişimindeki  ısı geçiş katsayıları  6.1 mm ve 11.2 mm iç çaplı pürüzsüz, 11.2 mm iç 
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çap 180helix açılı yivli bakır boru için tespit edilmiştir. Isı geçiş katsayısı ve akış 
rejimlerine etki eden kütlesel debi, ısı akısı, kuruluk derecesi, doyma sıcaklığı, boru 
kanal çapı ve yapısının değişimleri ayrı ayrı incelenmiştir. Bunun yanı sıra bu 
parametrelerinin yağlı ve saf CO2 koşullarındaki durumlarında karşılaştırmalı olarak 
incelenerek her durum için etken parametreler tespit edilmiştir. 
Deneysel düzenek ikili soğutma çevrimi içermektedir. Birincil çevrim saf CO2 veya 
CO2-yağ karışımına ait olup ikincil çevrim deneysel koşulları sağlamak için kullanılan 
HFE 7100 akışkanı çevrimidir. Bu çevrimle CO2’in doyma sıcaklığının altında 
soğutulması ve buharlaştırılması için gerekli olan ısı akısı sağlanmaktadır. Doyma 
sıcaklığının altındaki sıvılaştırılan soğutucu akışkan manyetik pompa ile kütlesel 
debinin ölçüldüğü debi ölçere ardından kalorimetreye pompalanmaktadır. 
Kalorimetrede deneyin gerçekleştirileceği kuruluk derecesi ayarlanmakta, sonrasında 
akışın tam gelişmişliği sağlanarak 150 mm uzunluktaki test bölmesinde buharlaşma 
gerçekleştirilmektedir. Test bölmesi özel olarak tasarlanan pirinç bloklu ısı 
değiştiricisinin içerisine yerleştirilmiştir. Bu ısı değiştiricisinde karşıt akışlı olarak 
ikincil akışkan kullanılmakta ve buharlaşma için gerekli ısı akısı bu ısı değiştirici ile 
sağlanmaktadır. Böylece sabit yüzey sıcaklığı koşulundaki deneylerle endüstrideki 
uygulamalara en yakın koşullar sağlanmaktadır. Literatürdeki çalışmaların büyük 
çoğunluğu sabit ısı akısında ve yüksek kütlesel debilerde gerçekleştirilmiştir. Bu 
deneysel yöntemle literatürde mevcut olmayan düşük debi, ısı akısı, doyma sıcaklığı 
deneysel koşulları için veriler elde edilmiştir. Akış görselleme deneyleri 11.2 mm iç 
çaplı boru için aynı çaplı cam boru kullanılarak test bölmesinin hemen ardına 
yerleştirilen şeffaf test bloğu ve hızlı kamera kullanılarak gerçekleştirilmiştir. 
Deneysel sonuçlar göstermektedir ki, saf karbondioksit ve karbondioksit-yağ karışımı 
ısı geçiş katsayıları kullanılan tüm boru çapları için ısı akısı ve kütle akısının artması 
ile artış göstermektedir. Yağın ısı geçişi üzerindeki etkisi deneysel şartlara ve boru 
çaplarına göre olumlu, ihmal edilebilir veya olumsuz olabilmektedir. 
 6.1 mm iç çaplı pürüzsüz bakır boru için ısı geçiş katsayısının kuruluk derecesine göre 
değişimi akış rejim ve kütlesel akıya bağlı olarak üç farklı eğilim tespit edilmiştir. 
Katmanlı akışın gözlemlendiği düşük kütlesel akılarda (100 kg/m2s) kuruluk derecesi 
arttıkça ısı geçiş katsayısı azalmaktadır. Kütlesel akı değerinin artışıyla sıvı buhar 
fazları arasındaki bağıl hız artar, sıvı tabaka kalınlığının boru yüzeyinde homojen 
dağılmasını sağlanır ve halkalı akış gözlemlenir bu durumda kuruluk derecesi arttıkça 
ısı geçiş katsayısı yükselmektedir. Bununla birlikte basınç kaybı da kütlesel akı ve 
kuruluk derecesi arttıkça artış göstermektedir. Bu durum yağ karışımı içinde aynı 
olmakla birlikte yağ karışımının ısı geçiş katsayısı saf CO2 durumuna göre daha 
düşüktür ve genel olarak kuruluk derecesi arttıkça saf ve yağ karışımına ait ısı geçiş 
katsayıları aralarındaki fark artmaktadır. Kuruluk derecesi arttıkça karışımın yerel yağ 
konsantrasyonu arttığından özellikle karışımın yüzey gerilmesi ve viskozitesi 
değişmekte ve bu durum kabarcıklı kaynama prosesini sönümlediğinden ısı geçiş 
katsayısının azalmasına yol açmaktadır. Bunun yanı sıra her iki koşul için doyma 
sıcaklığı düştükçe daha düşük ısı geçiş katsayıları elde edilmiştir. Aynı zamanda yağ 
etkisinin yüksek doyma sıcaklıklarında daha etken olduğunu belirlenmiştir. 
11.2 mm iç çaplı pürüzsüz bakır boru için yapılan çalışmada öncelikle saf CO2 koşulu 
için iç çap büyüdükçe akışın daha fazla katmanlaştığı ve ısı geçiş katsayısının 6.1 mm 
iç çaplı borudaki durumla karşılaştırıldığında azaldığı tespit edilmiştir. CO2-POE yağ 
karışımı için ise 6.1 mm iç çaplı borudan elde edilen sonuçlardan farklı olarak ısı 
akısının düşük olduğu durumlar için yağ konsantrasyonun ısı geçişi üzerindeki etkisi 
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ihmal edilebilir mertebededir. 11.2 mm iç çaplı boruda, ısı akısı arttıkça düşük kuruluk 
derecelerinde ise ısı geçiş katsayısında azalış, yüksek kuruluk derecelerinde  saf CO2 
deneysel koşullarına göre ısı geçiş katsayısında artış olduğu belirlenmiştir. Akış 
görselleme çalışmalarında da tespit edildiği üzere CO2-yağ karışımının yüzey 
gerilmesi sıvı buhar ara yüzeyini etkileyerek ara yüzeyde kabarcıklar oluşturarak boru 
yüzeyinin ıslaklığını artırmakta ve daha geniş yüzeyde buharlaşmaya neden 
olmaktadır. Bu nedenle de akış rejimi katmanlı akıştan katmanlı-dalgalı akışa 
geçmekte ve ısı geçiş katsayısı saf CO2 verilerine göre artış göstermektedir. Bu durum 
doyma sıcaklığı düştükçe daha etkin olarak gözlemlenmiştir. Genel olarak 11.2 mm iç 
çaplı boruda yüksek kuruluk derecesi ve düşük doyma sıcaklıklarında yağ 
konsantrasyonu arttıkça ısı geçiş katsayısında artış olduğu fakat konsantrasyon değeri 
% 2 den fazla olduğunda kabarcık yoğunluğunun ve dalga boyunun artışına rağmen ısı 
geçiş katsayısının hızla düştüğü tespit edilmiştir.  
11.2 mm iç çaplı pürüzsüz ve yivli boru deneysel sonuçları karşılaştırıldığında düşük 
kütlesel akı değeri için (40 kg/m2s) ısı geçiş katsayılarının hemen hemen aynı 
mertebede olduğu fakat daha yüksek kütlesel akı değerlerinde yivli borudan elde 
edilen ısı geçiş katsayısının daha yüksek olduğu gözlemlenmiştir. Pürüzsüz boruda ısı 
geçiş katsayısı kuruluk derecesi arttıkça katmanlı akıştan dolayı azalmaktadır. Yivli 
boruda ise yivlerle sağlanan yüzey alan artışı ve akış rejiminin katmanlı-dalgalı ya da 
halkalı akışa geçişi nedeniyle ısı geçiş katsayısı kuruluk derecesi arttıkça artış 
göstermektedir. Bunun yanı sıra yivli boruda oluşturulan yüzey kabarcıklı kaynama 
alanını arttırdığı için tüm konsantrasyon değerlerinde CO2-yağ karışımının ısı geçiş 
katsayısı da saf CO2 durumundakinden daha yüksektir ve kuruluk derecesi arttıkça 
artma eğilimi göstermektedir. 
Isı geçiş katsayısı deneysel verileri ile literatürdeki farklı tip korelâsyonlar 
karşılaştırılmıştır. Karşılaştırma için kullanılan korelasyonlar geleneksel soğutucu 
akışkanlar yada karbondioksit verileri için düzenlenmiştir ve çoğunlukla deneysel 
verilere dayanan ampirik katsayılar içermektedir. Bu deneysel veri tabanlarında ise bu 
çalışmadaki sıcaklık ve ısı akısı değerleri yer almamakla birlikte genellikle paslanmaz 
çelik borulara aittir ki bu verilenin bakır borulardaki kaynama ile farklılıkları çalışma 
içinde belirtilmektedir. Bundan dolayı bu çalışmadaki deneysel veriler kullanılarak saf 
karbondioksit için pürüzsüz boruda ısı geçiş katsayısını tahmin eden yeni bir 
korelasyon geliştirilmiştir. 
 
 
 
 
 
 
xxviii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
 
1. INTRODUCTION 
In a vapor compression refrigeration system, a common problem is that a small amount 
of compressor oil, as part of working fluid, are circulated with refrigerant. This 
migrated oil affects the performance of the condenser and evaporator and further the 
performance of the whole system. Oil contamination can be caused by several factors, 
including gasket failure, but the most common reason is phase separation. If the oil is 
miscible with the refrigerant over the various temperatures and pressures in 
refrigeration cycle it will return back to the compressor Otherwise oil can accumulate 
inside the heat exchanger tubes, reducing heat transfer and overall performance. In 
addition, the lack of oil return can result in compressor oil starvation and potential 
breakdown. The most likely place phase separation occurs is evaporator where the 
temperature and pressure are generally the lowest in the cycle. 
The influence of oil on the evaporation of carbon dioxide, as a natural refrigerant, has 
been demonstrated in a number of publications but they are generally about 
transcritical or super-transcritical evaporation conditions of carbon dioxide and 
common conclusion is the degradation of the heat transfer coefficient due to the 
presence of the oil but there is not any agreement about decreasing rate.  Meanwhile 
no general correlation has been found.  
The objective of this study is to achieve measurement for the flow boiling heat transfer 
coefficient carbon dioxide in pure state and in the presence of miscible oil at various 
oil concentrations, as a function of operation conditions such as refrigerant mass flux, 
saturation temperature, heat flux, vapor quality, and tube geometries. 
1.1 CO2 as Refrigerant 
CO2 is used as a refrigerant in a number of different system types both subcritical and 
transcrtical since 1850 and generally use for shipping industries because it is non toxic 
and nonflammeble. As the CFC was introduced in 1930’s the use of CO2 decreased 
and then replaced with sythetic refrigerants. In 1990 with increasing enviromental 
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problems and progressive technology natural refrigerant CO2 became an alternative to 
that refrigerant which have high ODP and GWP. 
Lorentzen (1994) suggested use of CO2 provide a totaly safe, economical and cost 
effective solution in many applications. Nowadays the most attractive applications are 
water heaters, heat pumps, automotive air-conditioning systems and small commercial 
applications like bottle and beverage coolers. Hrnjak (2006) reported that CO2 
application has introduced some new design feature such as microchannel evaporator 
and condenser which are also have gained efficieny improvement, compactness for 
other refrigerants. CO2 systems are several times smaller and more efficient than 
conventional ones. On the other hand CO2 system cost is much less than the others.  
Cavallini (2004) and Huan et al. (2009) listed the advantages of the CO2 as refrigerant. 
The first one was the low price due to that it exist in enviroment, the second one was 
enviromental friendly that has zero ODP, the third one was safety due to it is non-toxic 
and non-flammable and the last one is its good thermodymanic properties. 
The thermodynamic and transport properties are different from those of conventional 
refrigerants. 
The critical values are 31.1°C and 7.4 MPa and the system pressure of a given 
temperature is higher than those for all conventional refrigerants. CO2 vapor pressure 
is much higher and its volumetric refrigeration capacity is 3-10 times higher than those 
for other refrigerants. 
The density of CO2 change rapidly with temperature and density ratio (vapor density 
per liquid density) is much smaller than that of other refrigerants. For instance at 0°C 
density ratio  of CO2 is 10 whereas that of R410A is 65.  
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Figure 1.1 : Comparison of the density ratio of the refrigerants. 
 
Figure 1.2 : Comparison of the surface tension of the refrigerants. 
Low density ratio results in a more homogeneous two phase flow which also caused 
smaller compressor and suction lines ( Kim et al., 2004). In Figure 1.1, density ratio 
of CO2 and some conventional refrigerants are compared. Also surface tension 
influences the nucleate boiling and flow pattern.  Surface tension of CO2 is smaller 
than the other refrigerant and this gives benefit to reduce super heating and growth of 
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vapor bubble which possitively effects nucleate boiling though heat transfer 
coefficient. Figure 1.2 give the comparison of the surface tension at various saturation 
temperatures for the different refrigerants. 
For convection, viscosity is the most important parameter,where CO2  viscosity is 
lower  than other refrigerants. The main advantage of low viscosity is that the system 
will have low pressure drop, reducing losses of work. Figure 1.3 illustrates comparison 
for the liquid viscosity of the different refrigerant at various saturation temperatures. 
Thermal conductivity of saturated liquid and saturated vapor of CO2 is  20% and 60 % 
higher than those for R134a at 0 0C;respectively. This higher thermal conduvtivity help 
increase heat transfer. As a consequence, the thermal and transport properties of CO2 
compared to conventional refrigerants are  better from the point of both heat transfer 
and pressure drop. 
 
Figure 1.3 : Comparison of the liquid viscosity of the refrigerants. 
1.2 CO2 – Oil Mixture Properties 
The role of the oil in refrigerating systems is to lubricate sliding parts of the compressor 
and to control the corrosion, the temperature of sliding part, wear and reduction of 
noise. The oil also circulates through the system along with refrigerant eventhough oil 
filter is used  at least 1 to 10% mass fraction of oil. 
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In refrigeration systems, a refrigerant can not be considered alone, because it functions 
as  a oil-refrigerant mixture. Dissolving oil in liquid refigerant affects the 
thermodynamic and transport properties of the refrigerant. For this reason the working 
fluid is changed from a pure refrigerant to a mixture, depending on the oil 
concentration. Generally oil has much higher density, viscosity, surface tension and 
critical temperature than refrigerants and in the mixture all these properties increase as 
a function of local concentration. There is little data and methology in the literature 
about measurement of refrigerant-oil mixture properties. Meanwhile, oil 
manufacturers provide data for concentration values higher than 60%. Therefore, all 
mixture properties need to calculate with available emprical correlation for oil and 
refrigerant-oil mixture but it should be noted that all these correlations give an error of 
at least 5%. 
The ASHRAE handbooks (1998, 2006) give a comprehensive information about 
lubricants in refrigerantion systems. Oil is used in the liquid form in the refrigerantion 
system due to its vapor pressure. Thome (1995) determined that the vapor pressure of 
the oil is in the order of one-millionth that of the refirigerants so the amount of the oil 
in the vapor phase is negligible and oil effects should be considered only for the liquid 
phase of the mixtures. Refrigerant oils are clasified into two categories: mineral oil 
and synthetic oil and most important parameter for selecting the best oil for the system 
is miscibility of the oil and operation of the proposed system.   
CO2 systems can be divided into two basic cycles: cascade and transcritical. In cascade 
systems, carbon dioxide is used as the low-temperature refrigerant and circulates from 
a machine room out into the plant for cooling. Because its low critical temperature 
(31.1°C) limits air sourced heat rejection. CO2 is also used in a transcritical system: 
the condenser does not condense carbon dioxide to the liquid phase, but only cools it 
as a supercritical fluid. Oil in CO2 systems are either completely immiscible or only 
partially miscible. Figure 1.4  shows that mineral oil (MO), alkylbenzene (AB), and 
polyalphaolefins (PAO) are considered completely immiscible, although they do 
dissolve some carbon dioxide; polyalkylene glycols (PAGs) are partially miscible and 
polyolesters (POE) only have a small miscibility gap. Polyvinyl ether (PVE) lubricants 
behave much like POE lubricants and have only a small immiscibility region 
(ASHRAE, 2006). 
 
6 
 
Figure 1.4 : Miscibility limits of 220 ISO lubricants with CO2 (Seeton et al.,2000). 
In this study we are dealing with the low temperature application of CO2 where POE 
oil is the most recommended one by compressor manufacturers and in literature. POE 
oil is fully missible at low temperature ranges and hence our study temperature range 
is 15°C and 30°C. For that reason, POE oil from FUCHs is chosen in this study 
which is called Reniso C85E. The manufacturer just supplied the density, viscosity, 
solubility of the mixture above 60% concentration for above 20°C and there is no 
information for specific heat and enthalpy. All thermophysical properties for lower 
concentration have been calculated from emprical correlation which are explained 
below. 
In this study, oil properties are defined for system temperature range, oil circulation 
ratio and local concentration, in order to begin determining refrigerant-oil mixture 
properties. Oil circulation ratio (OCR) is the ratio of oil flow to total flow in the 
refrigerant-oil mixture. In evaporator the oil does not vaporize while refrigerant-oil 
mixture is heated. Only refrigerant will change to vapor phase and it will cause 
increasing local oil concentration (wlocal) as a function of vapor quality. From this, 
local concentarion of the refrigerant in the liquid phase is determined by equation (1.1). 
𝑂𝐶𝑅 = 𝑤𝑖𝑛𝑙𝑒𝑡 =  
?̇?𝑙𝑖𝑞𝑢𝑖𝑑
?̇?𝑙𝑖𝑞𝑢𝑖𝑑 + ?̇?𝑜𝑖𝑙
 (1.1) 
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𝑤𝑙𝑜𝑐𝑎𝑙 =  
𝑤𝑖𝑛𝑙𝑒𝑡
(1 − 𝑥)
 (1.2) 
OCR can vary between 0 to 1 as defined in ASHRAE standards and there will always 
be some liquid oil in circulation,it can be calculated from equation 1.2 that when the 
quality is equal to (1OCR) all the liquid phase should be oil. Meanwhile it is 
important to note that in practice this does not happen because of the solubility and 
slip ratio of the mixture. Some of the refrigerant can be stuck in the oil as a liquid form 
due to solubility limit of the mixture at temperature and pressure of the flows and for 
higher oil circulation ratio, the maximum attainable quality is limited. 
 
Figure 1.5 : Local oil concentration vs quality for varying oil circulation ratio. 
Figure 1.5 shows the local concentration change due to the inlet oil concentration and 
it states that local concentration increases along the evaporator. Generally, oil 
companies provide density value at only some given temperature values, which is 
traditionally 15 0C. Conde (1995) recommends the following linear equation to adjust 
the oil density for other temperature values. 
𝜌𝑇 =  𝜌𝑇0 − 𝐴. (𝑇 −  𝑇𝑜) (1.3) 
It is reported by Conde (1995) that, the above equation provides a reasonable 
approximation for assuming the constant “A” as 0.6. For the mixture density, Baustian 
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et al. (1986) and Thome (2004) suggested a density correlation as in Eqaution 1.4, 
where the mixture is assumed as an ideal gas. 
𝜌𝑚𝑖𝑥𝑡𝑢𝑟𝑒 =
𝜌𝑜𝑖𝑙
(1 + (1 − 𝑤𝑙𝑜𝑐𝑎𝑙 ). ((
𝜌0𝑖𝑙  
𝜌𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡
) − 1))
 
(1.4) 
Figure 1.6 shows the density of the mixture CO2-POE C85 for different temperature 
and oil concentration values. In this figure, the solid line shows the concentration, 
where the values upto 50%, are taken from ACR Project 215 (2009) and the values 
above 60% are taken from the manufacturer (FUCHs, 2007). The dashed line is the 
prediction from Equation 1.3 and 1.4. It is obvious that the mixtures are not ideal and 
density of the mixture is generally higher than that expected for CO2 above 200C. 
Meanwhile, the equations does not yield any change in density due to concentration at 
200C, while mixture density is calculated to be lower than that of CO2 at 300C. 
Based on the comparison to the manufacturer data, the values obtained from these 
equations underestimate the density at any temperature. Since oil companies usually 
provide oil viscosity values only at 400C and 1000C, viscosity values at other 
temperatures can be obtained by linear interpolation. Lubricant viscosity decreases as 
temperature increases. The relationship between temperature and kinematic viscosity 
is represented by equation 1.5 (ASTM Standard D341). 
loglog(ϑ+0.7+f(ϑ))=A+B logT (1.5) 
where, 𝜗 is the kinematic viscosity [mm2/s], f(𝜗) is the additive function, T is 
temperature in [K], A and B are the constants for each lubricant. Seeton (2006) 
evaluated a new correlation for refrigerant-oil mixtures based on Equation 1.5 and 
validated by experiments for CO2 with PAG and POE. In this study it has been 
preferred to use this equation because it is calculated to be the best prediction of the 
manufacturer data as shown in Figure 1.7. 
(𝜗 + 0.7 + 𝑒𝜗𝐾𝑜(𝜗 + 1.2440607) = exp (𝐴
′𝑇−𝐵) (1.6) 
The available data from the manufacturer is limited, which is between 70 to 100% of 
the oil mass fraction in the mixture. The red line represents the prediction and black 
line shows the manufacturer data. The prediction has a good agreement for oil but as 
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concentration and temperature decrease, the deviation between the prediction and data 
increases. 
 
Figure 1.6 : CO2-POE C85 denstiy vs. oil concentration for varying temperature. 
 
 
Figure 1.7 : Comprasion of the prediction of the mixture viscosity by Seeton (2006) 
eqaution with manufacturer data. 
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Thome (1995) recommended the method used by Jensen and Jackman (1984) to 
predict the specific heat values of oil and mixture.  
𝐶 𝑝𝑜𝑖𝑙= 4.186((0.388+0.00045(1.8T+32))/s
0.5) 
𝐶 𝑝𝑚𝑖𝑥𝑡𝑢𝑟𝑒= 𝑤𝑙𝑜𝑐𝑎𝑙𝐶 𝑝𝑜𝑖𝑙 + (1 − 𝑤𝑙𝑜𝑐𝑎𝑙)𝐶 𝑝𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡  
     
(1.7) 
In the above equation the liquid specific heat is in the unit of [kJ/kg0C], so that the 
temperature of the oil must be in Celcius degrees [0C] and s is the liquid specific 
gravity at 15.56 0C. This equation is valid for a temperature range of 18< T< 2004 0C 
and a liquid specific gravity range 0.75<s< 0.96.  
Conde et al (1996) and Baustian et al (1986) suggested the below equation, which is 
proposed by Filippov (1955), for calculating the thermal conductivity. This equation 
reveals a slow increase in thermal conductivity with increasing oil concentration. 
𝑘𝑜𝑖𝑙 = 0.1172 (10.0054T) / s 
𝑘 𝑚𝑖𝑥𝑡𝑢𝑟𝑒=𝑤𝑙𝑜𝑐𝑎𝑙𝑘𝑟𝑒𝑓(1 − 𝑤𝑙𝑜𝑐𝑎𝑙)𝑘𝑜𝑖𝑙 − 0.72(1 − 𝑤𝑙𝑜𝑐𝑎𝑙)𝑤𝑙𝑜𝑐𝑎𝑙(𝑘𝑜𝑖𝑙 − 𝑘𝑟𝑒𝑓  ) 
(1.8) 
Figure 1.8 shows the specific heat, enthalpy and thermal conductivity values of CO2 
and POE C85, which change by temperature. The values of CO2 properties are higher 
than those of oil at low temperatures. 
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Figure 1.8 : CO2 and POE oil properties comprasion for various temperature. 
Jensen and Jackman (1984) suggested the below correlation for the surface tension, 
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𝜎 𝑚𝑖𝑥𝑡𝑢𝑟𝑒=𝜎 𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡 + (𝑤𝑙𝑜𝑐𝑎𝑙)
0.5(𝜎 𝑜𝑖𝑙 -𝜎 𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑛𝑡) (1.9) 
Seeton (2009) evaluated a correlation for CO2 with POE and PVE oil and validated 
that equation by experiments with a good agreement.  
𝜎 𝑚𝑖𝑥𝑡𝑢𝑟𝑒=𝜎𝑜𝑓𝑓𝑠𝑒𝑡 +
𝑤𝑙𝑜𝑐𝑎𝑙 
0.25  (1−𝑤𝑙𝑜𝑐𝑎𝑙)
4
0.386431
∑ 𝜌𝑚𝑖𝑥
2  (
𝑤𝑖 
𝑤𝑟𝑒𝑓.𝑠𝑎𝑡
𝜌𝑙𝑖𝑞,𝑖
)2 𝜎𝑖
   
(1.10) 
Figure 1.9 shows surface tension of the mixture based on the above equation. The 
surface tension of the mixture increases up to 7 times as quality approaches 0.9 but in 
this study the experiment conducted up to quality values of 0.8, where the mixture 
surface tension remains nearly constant. 
 
Figure 1.9 : Surface tension of CO2-POE C85 vs quality based on Seeton (2009) 
eqaution. 
1.3 Literature Review 
CO2 used to be a common refrigerant from late 1800s and well into this century and is 
receiving more interest as an alternative refrigerant in automobile/residential air 
conditioners, heat pumps, and cascade system.   
CO2 is environmentally friendly, nonflammable, odorless and non-toxic. In addition, 
it has a low critical temperature and high critical pressure, comparing to other 
refrigerants. Thus, CO2 evaporates with a much higher reduced pressure than other 
 
12 
refrigerants. The flow boiling heat transfer, flow pattern, two-phase pressure drop of 
CO2 during evaporation show different characteristics than other refrigerants. 
Yun et al. (2005) examined flow boiling heat transfer and dry out phenomena of CO2 
in rectangular micro channel and compared the results with R134a. They figured out 
that the average heat transfer coefficient of CO2 was 53% higher than that of R134a 
and the effect of heat flux on heat transfer coefficient of CO2 was more significant than 
those of R134a. 
Choi et al. (2007) showed that the average heat transfer coefficient of CO2 boiling in 
stainless steel tube with an inner diameter of 3 mm was around 13.91 kW/m2K, for a 
saturation temperature of 10°C, mass flux of 350 kg/m2s and heat flux of 20 kW/m2. 
While for the same conditions, the average heat transfer coefficient of R134a flow was 
around 4.43 kW/m2K. They explained that the low surface tension and viscosity values 
of CO2 caused higher nucleation and relatively higher overall heat transfer coefficient. 
Oh et al. (2008) compared the heat transfer coefficient values in boiling CO2 with that 
of R22 and R134a at a saturation temperature of 5°C, mass flux of 300 kg/m2s and 
heat flux of 20 kW/m2 for a steel tube with an inner diameter of 7.75 mm. They found 
out that for the vapor quality lower than 0.6; the heat transfer coefficient in boiling 
CO2 was about 87.2% higher than that of R22 and 93% higher than that of R134a. The 
trend of heat transfer coefficient versus the quality of CO2 was in opposite direction to 
trends of R134a and R22. For those experimental conditions, the heat transfer 
coefficient in CO2 flow decreases with quality, while heat transfer coefficients of 
R134a and R22 increase with quality. The difference is explained by the change in 
flow regime.  
Oh et al. (2010) also compared heat transfer coefficient in CO2 flow, R134a, R22 for 
steel tube with an inner diameter 4.57 mm, at saturation temperature 15°C. The 
experimental results have the same trends with their previous work (Oh et al., 2008) 
which had been achieved for a larger inner diameter with the same heat and mass flux 
values. The heat transfer coefficient in CO2 flow was about 94.7% and 89.3% higher 
than R22 and R134a, respectively. The percentage is a little bit different from their 
previous work due to the diameter and temperature change. Most recently Oh et al. 
(2011) reported the comparison of the heat transfer coefficients in CO2 flow also with 
the one in the R410a flow and concluded the same results under the same experimental 
conditions with their previous studies. CO2 flow had the highest heat transfer 
coefficient under the investigated conditions. 
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Mastrullo et al. (2009) also compared heat transfer coefficient in CO2 flow with R134a 
and figured out that CO2 heat transfer coefficient is always higher than R134a for the 
saturation temperature between 8.8°C and +19.9°C. For their experimental 
conditions with an inner diameter of 6 mm steel tube, mass flux between 200 and 350 
kg/m2s and heat flux of 10 kW/m2, they found out that the heat transfer coefficient in 
R134a flow increased as vapor quality increased for all cases. On the contrary, the heat 
transfer coefficient in CO2 flow increased by vapor quality until a certain value, then 
began decreasing with increase of vapor quality. The experimental results showed that 
dryout occurred under those conditions and dryout quality changed by saturation 
temperature. 
Park and Hrnjak (2007a, 2007b) investigated flow boiling heat transfer coefficient of 
CO2, R410a and R22 in horizontal copper tube with an inner diameter 6.1 mm at 
saturation temperature 15°C and 30°C. They showed that, the average heat transfer 
coefficient of CO2 was 63% higher than R410a and 83% higher than R22, at saturation 
temperature 15 °C, mass flux 200 kg/m2s and heat flux 10 kW/m2. They investigated 
the effect of thermophysical properties of refrigerants on nucleate boiling and 
convective boiling by using Gungor-Winterton (1986) correlation parameters and 
showed that nucleate boiling capacity of CO2 was more than other refrigerants due to 
its high reduced pressure, lower surface tension, which yielded higher heat transfer 
coefficients at all experimental conditions, complying with the opinions of other 
researchers.  
The experimental results of Park and Hrnjak (2007) and Mastrullo et al. (2009) are 
compared for the same tube inner diameter and approximately identical mass and heat 
flux values. The heat transfer coefficient values obtained by Park and Hrnjak (2007) 
are higher than those obtained by Mastrullo et al. (2009), even though the saturation 
temperature is 15°C for the former and 7.8°C for the latter study. As known from 
the literature for the conventional refrigerants and even for CO2 higher saturation 
temperature should yield higher heat transfer coefficient values, but in this case the 
values obtained by Park and Hrnjak (2007) were higher due to difference in the tube 
material. The tube material difference causes different conduction heat transfer and 
nucleation, which significantly affects flow boiling. As can be seen in Figure 1.10, 
copper tube results in higher heat transfer coefficient values even for lower saturation 
temperature condition.  
It is well known from the literature that for the same saturation temperature and heat 
and mass flux values, smaller diameter should give higher heat transfer coefficients. 
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But it was presented by Zhao and Bansal (2009) when their experimental results were 
compared to those of Park and Hrnjak (2007a, 2007b), copper tube gives higher heat 
transfer coefficient values even for the larger diameter. Zhao and Bansal (2009) 
measured heat transfer coefficient of CO2 flow for the saturation temperature of 30°C 
for similar test conditions in Park and Hrnjak (2007a, 2007b) in horizontal stainless 
steel tube having inner diameter of 4.57 mm. They also explained that results by pool 
boiling capacity differ for copper and steel tubes. 
 
Figure 1.10 : The comparison of experimental results by Mastrullo et al. (2009) 
and Park and Hrnjak (2007). 
Thome et al. (2005) reviewed experimental studies of CO2 two-phase flow and macro 
to micro-scale heat transfer prediction methods for CO2. They also concluded that at 
the same temperature, CO2 gave higher heat transfer coefficient values than 
conventional refrigerants. They explained that the main differences of CO2 from 
conventional refrigerants were the transport and thermo physical properties such as 
vapor density, surface tension and vapor viscosity, which affect two-phase flow 
patterns and pressure drop. These properties also affect the trend of heat transfer 
coefficient. They observed from literature that at low to moderate vapor qualities, the 
heat transfer coefficient increased with both saturation temperature and heat flux and 
almost independent of mass flux. 
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Most of the study in the literature was focused on heat transfer and pressure drop of 
CO2 flow at saturation temperature between 50C to 250C. Zhao and Bansal (2006) 
also pointed out an absence of research in literature dealing with saturation temperature 
values below 100C. They theoretically analyzed the thermal properties at different 
saturation temperature values and discussed the difference between the cases for low 
and high saturation temperature. They focused on the data from literature below 100C 
and compared the data with correlations and figured out that all of the correlations 
yielded very large mean deviations. 
Studies from the available literature up to now about flow boiling of CO2 are listed in 
appendix, which focus on the influence of heat flux, mass flux, flow patterns, diameter, 
tube material and also oil contamination on heat transfer and pressure drop. For each 
study, the operating conditions, physical dimensions and a summary of the main 
observations are presented.  
Knudsen et al. (1997) investigated flow boiling of CO2 at constant wall temperature 
condition at 28°C for horizontal steel tube with an inner diameter 10.06 mm. The 
experimental results showed that CO2 flow boiling heat transfer coefficient slightly 
decreases by increase in quality and proportionally increases by heat flux. They also 
presented theoretically that an evaporator design for R22 will have at least same 
capacity when used with CO2, but the pressure drop of CO2 will be approximately 8 
times higher than that of R22. 
Bredesen et al. (1997) conducted experiments for heat transfer and pressure drop of 
CO2 in horizontal 7 mm inner diameter aluminum test tube, at mass flux between 200 
and 400 kg/m2s, heat flux between 3 and 9 kW/m2 and evaporation temperature from 
25 to 5°C. Their experimental results showed that the pressure drop increased 
proportional to square of the mass flux and pressure drop was almost unaffected by 
increasing heat flux. They also enlightened that at most conditions, heat transfer 
coefficient increased up to 0.9 qualities except the case for high evaporating 
temperature. At high temperature, heat transfer coefficient decreased by increasing 
quality due to high pressure and low liquid/vapor density. 
Gao and Honda (2005) measured boiling heat transfer of pure CO2 and CO2-PAG oil 
mixture in horizontal 3 mm inner diameter stainless steel tube, at mass flux 200 to 
1180 kg/m2s, heat flux between 10 to 30 kW/m2 and inlet vapor quality from 0.12 to 
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0.55. For pure CO2, their experimental results showed that saturation temperature 
determined the trend of heat transfer coefficient versus quality. For saturation 
temperature 7°C, heat transfer coefficient rises by increasing vapor quality and mass 
flux, while heat flux did not affect the heat transfer coefficient. The authors explained 
this situation by convective boiling dominated regime. For saturation temperature, 
+10°C heat transfer coefficient decreased by increasing quality and mass flux had no 
impact on heat transfer, which was explained by nucleate boiling dominated regime. 
Yoon et al. (2004) reported experimental results for flow boiling of CO2 in horizontal 
stainless steel tube with inner diameter 7.53 mm, at saturation temperature between 4 
to 20°C, heat fluxes 12 to 20 kW/m2 and mass fluxes 200 to 530 kg/m2s. Their 
experimental results also showed the same trends with those obtained by Bredensen et 
al. (1997) for saturation temperatures above +5°C. They explained that as temperature 
gets closer to the critical temperature, liquid viscosity is reduced therefore the liquid 
film at the upper side of the tube could easily be broken, which results in an increase 
of wall temperature and decrease of heat transfer coefficient. They also developed an 
empirical correlation for defining the critical quality by using Reynolds number, 
boiling number and Bond number. 
Choi et al. (2007) conducted experiments for flow boiling of CO2 in minichannel with 
1.5 mm and 3 mm inner diameter, at saturation temperature between 10 to +10°C, 
heat fluxes 20 to 40 kW/m2 and mass fluxes 200 to 600 kg/m2s. They also have the 
same clarification for the heat transfer coefficient versus quality trend as obtained by 
Yoon et al. (2004), but they found out that the decrease of the heat transfer coefficient 
occurred at +10°C, as opposed to the value proposed by Yoon et al. (2004), which was 
+5°C. The difference of the temperature level could be the reason of the tube size 
effect. 
Huai et al. (2004) tested the boiling heat transfer coefficient and pressure drop of CO2 
in horizontal aluminum test section, which had 10 multi-port extruded circular 
channels with an inner diameter 1.31 mm. Their results point out that larger mass flux 
and heat flux enhanced heat transfer coefficient. Also Jeong and Park (2007) studied 
aluminum multi-port channel with 6 channels having an inner diameter value of 0.8 
mm. They found out that heat transfer coefficient dropped rapidly above quality value 
of 0.5 and mass flux effect was not significant as much as heat flux. Jeong and Park 
(2009) conducted experiment for extruded aluminum tube with 8 micro-grooved 
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channels with the same inner diameter of their previous study. They compared the 
results of smooth and micro-grooved tube. It was indicated that micro-grooved tube 
enhanced the heat transfer coefficient up to 3.2 times, not exceeding a quality of 0.3. 
On the other hand at higher quality values, dry-out occurs earlier than that for the 
smooth tube, resulting in a decrease of the heat transfer coefficient. Meanwhile mass 
flux effects on heat transfer coefficient were significant and as mass flux increased, 
enhancement factor decreased. They also modified prediction correlation of dryout 
quality proposed by Yoon et al. (2004) for the micro-grooved tubes. 
Schael and Kind (2005) explored flow regime and heat transfer coefficient of CO2 flow 
for copper micro-fin tube having 9.52 mm outer diameter with 60 fins and 18° helix 
angle. They observed wavy, slug and annular regimes and compared them with 
prediction methods available in literature. The methods predicted the wavy flow with 
good agreement but had weakness about prediction of transitions between regimes. It 
concluded that for low quality, mass flux had positive effect on heat transfer coefficient 
but over 500 kg/m2s, this effect got reversed due to high convection and suppression 
of nucleation. 
Kuwahara et al. (2009) measured heat transfer coefficient of CO2 flow at 3 to 5 MPa 
pressure for 5 different type micro-finned copper tubes with an inner diameter 6 mm. 
They developed a correlation by using fin shape as a parameter by modifying the 
general correlation for conventional refrigerant for smooth tubes. 
Wu et al. (2011) performed experiment for heat transfer and pressure drop of CO2 two-
phase flow in horizontal mini-channel with an inner diameter of 1.42 mm by large 
range of saturation temperature from 40 to 0°C. They observed that heat flux had 
major effect on heat transfer but it showed insignificant effect on pressure drop. The 
pressure drop increased as mass flux increased and as saturation temperature 
decreased. They also proposed a friction factor correlation in mist flow based on their 
experimental data. 
Yun et al. (2005) studied flow boiling of CO2 in mini channels. Their test condition 
was horizontal stainless steel tube with 2 mm and 0.98 mm inner diameter at saturation 
temperature between 0 to 10°C, heat fluxes 7 to 48 kW/m2 and mass fluxes 500 to 
3570 kg/m2s. They also observed that heat transfer coefficient depended on heat flux 
at all mass flux values and dry-out occurred at higher heat flux values. Meanwhile, 
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they divided the inclination of heat transfer coefficient into two parts with the 
limitation of superficial liquid Weber number. They described that if Wels < 100, the 
bubbles resulted in flow instability and fluctuation. For that condition, both the mass 
fluxes and heat fluxes are dominant parameters. On the other hand when Wels > 100, 
annular flow occurs and the effect of mass fluxes becomes insignificant. This 
limitation is useful for mini-channels but for macro-channels, experiments are 
required. Furthermore, they evaluated an empirical correlation for prediction of heat 
transfer coefficient at below critical vapor quality values by using their experimental 
results. 
Ducoulombier et al. (2010) measured heat transfer coefficient of CO2 flow in single 
microchannel with an inner diameter 0.529. As Yun et al. (2005) did, they divided the 
thermal regime in three parts for their experimental data. One of them was nucleate 
boiling dominant part, which was below 0.1 vapor quality; the other two had restraints 
with Bo number. They described that the dominant factor was the heat flux for Bo > 
1.1x10-4 and mass flux for Bo < 1.1x10-4. They also evaluated prediction methods for 
heat transfer coefficient for each part, separately. 
Pettersen (2004) investigated heat transfer coefficient and pressure drop of CO2 in 
multiport microchannel with an inner diameter of 0.8 mm and visualized flow pattern 
and assessed a flow map using 0.98 mm glass tube. He concluded that at high mass 
fluxes; intermittent, annular flow regimes were dominant and dryout effect became 
significant and increasing mass flux did not enhance heat transfer. For that reason, he 
suggested to design CO2 evaporators for low mass flux values. 
Gasche (2004) visualized flow patterns of CO2 two-phase flow in a single 
microchannel with an inner diameter of 0.8 mm hydraulic diameter at saturation 
temperature 23.3°C. Three different flow regimes were observed depending on the 
value of the quality; plug flow below 0.25, slug flow between 0.25 to 0.5 and annular 
flow above 0.5. The dryout was determined around a quality value of 0.85. 
Hara et al. (2010) investigated flow pattern of CO2 flow in horizontal mini-channel 
(inner diameter from 0.5 to 3 mm) at high-pressure level. They observed bubbly flow 
at high mass flux and low quality, plug and/or slug flow in intermediate quality and 
annular flow at high quality at 5 MPa (corresponding to a saturation temperature of 
14.28°C). They presented that phase stratification occur for inner diameter exceeding 
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1 mm and its formed intermittent dryout at the top wall at high heat fluxes. Ozawa et 
al. (2011) analyzed pressure drop and flow instability effect on flow pattern of CO2 for 
the same test data with Hara et al. (2010). They developed a prediction method of 
determining the flow pattern by discrete bubble model. 
Gao and Honda (2005) conducted an experimental study on flow boiling heat transfer 
of CO2 and oil (PAG) mixtures inside a horizontal tube with inner diameter of 3 mm, 
where three oil concentration values were used in their study. For the oil concentration 
values less than 2%, local heat transfer coefficient was much lower than that without 
oil. The reason for this decrease was considered due to the nucleate boiling suppressed 
by the oil rich film.  
Dang et al. (2006) investigated the flow boiling heat transfer of CO2-PAG oil mixtures 
in horizontal smooth tubes with oil concentration between 0.5 and 5%. They found 
that addition of small amount of oil resulted in a sharp decrease in the heat transfer 
coefficient, e.g. 8-9 kW/m2K for 0% and 3-5 kW/m2K for 0.5%. However, further 
increase in oil concentration from 0.5% to 5% had almost a negligible effect. They 
suggested the critical oil concentration value as 0.5% and 1% for 2 mm and 4 mm 
inner diameter, respectively. Furthermore, the addition of lubricant did not seem to 
influence the dryout quality and post dryout heat transfer. 
An unusual phenomenon was observed by Zhao et al. (2002) for CO2–oil mixture flow 
boiling in a micro-channel at saturation temperature 100C. They found that large oil 
concentrations degrade the heat transfer coefficient significantly, for example, heat 
transfer coefficient with 7% oil concentration was 60% lower than that of pure CO2, 
while on the contrary, smaller oil concentrations (< 3%) at low vapor quality values (x 
< 0.45) moderately enhance the heat transfer coefficient (about 5% to 10%). The 
reason of the enhancing heat transfer coefficient at low concentration explained by 
promoting an earlier onset of annular flow or without the presence of foaming effect  
From the literature review, it can be understood that the number of studies on the 
determination of flow boiling heat transfer coefficients, pressure drop and flow 
patterns at low temperatures are limited for pure CO2. Also, the influence of oil on 
CO2 heat transfer, pressure drop, and flow patterns were not investigated sufficiently 
especially for temperatures below 0°C. This project is motivated to explore the above 
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issues to provide useful data for heat exchanger designers considering CO2 application 
to refrigeration systems. 
In this study low temperature application of CO2 is dealt with, such as that in a cascade 
system. At these low evaporation temperatures, the reduced pressure is much lower 
than that at high saturation temperatures and the thermal properties vary with 
temperature. Even for the pure CO2, flow boiling process shows different trends due 
to its high reduced pressure. Thus, the understanding of the two-phase heat transfer 
characteristics of CO2 at low temperature is essential for developing a compact heat 
exchanger, appropriate for cascade systems. Also oil type is different for these 
applications, where POE oil is recommended, while PAG oil is used for transcritical 
applications because of its solubility and miscibility range. There are not many 
comprehensive study about CO2-POE oil mixture flow boiling and tube geometries 
effect on flow boiling. In this study, experiments were conducted for both pure and 
various oil concentrations at saturation temperature values of 15 and 30°C. Both 
smooth and enhanced tube surfaces are investigated for copper tube inner diameter of 
11.2 mm, while only smooth tube surface is tested for copper tube inner diameter of 
6.1 mm. Flow regime was determined for smooth surface copper tube with an inner 
diameter of 11.2 mm for both pure and CO2-POE mixture at three different 
concentrations. The measured and predicted values of heat transfer coefficient are 
compared and finally a new correlation for all test conditions is proposed. 
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2. EXPERIMENTAL METHODOLOGY AND DATA 
The experimental procedure is explained in detail and all data is given in this chapter. 
2.1 Methodology 
The present chapter focuses on general principles for measurement of heat transfer 
coefficient, pressure drop and flow visualization in horizontal tube. Design details of 
experimental setup, test section are explained. Principles for data reduction are shown. 
2.1.1 Experimental setup 
In this study, we are using the same test facility and methods which are used in several 
projects in ACRC (Air Conditioning and Refrigeration Research Center) including 
Park and Hrnjak (2007) for pure CO2 flow boiling experiments for 6.1,  3.5 mm smooth 
and 0.89 mm inner diameter multiport tubes. Meanwhile, the experimental data of Park 
and Hrnjak (2007) for pure CO2 flow boiling in 6.1 mm inner diameter tube is used to 
compare with the data in this study, for the CO2 with POE oil flow boiling. 
The flow in the loop is driven by a variable speed gear pump. Following the pump, 
CO2 flow is measured by a coriolis flow meter (Micro Motion CFM25). A calorimeter 
is used to bring the sub-cooled liquid CO2 to the desired state at the inlet of the test 
section. The calorimeter consists of two parallel electrical heaters. Each heater is inside 
a copper tube with CO2 flowing through the spirally articulated annulus. By adjusting 
the power supplied to the calorimeter, the quality of CO2 at the test section is 
controlled. After the calorimeter, CO2 flows along a 1 m long horizontal pipe in order 
to achieve fully developed the flow. The CO2 then enters into the heat transfer test 
section (Figure 2.1). After the test section, there are insulated horizontal and vertical 
pipes, each 1 m long, to measure the adiabatic pressure drop both in horizontal and 
vertical flow (flow heads up). This section consists of pipes with an identical inner 
surface and diameter than that of the heat transfer test section (Figure 2.2). After 
leaving the pressure drop sections, CO2 flows through a control heater which supplies 
sufficient amount of heat to keep the pressure of the system at a desired level. This 
control heater is similar to the calorimeter. The amount of heat provided by the control 
heater is regulated by a PID controller that uses the measured pressure as the control 
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value input. CO2 is then condensed by the primary heat exchanger with R404a flowing 
on the other side, and finally sub-cooled by the sub-cooling unit, prior to returning to 
the pump.  
 
 
 Schematic sketch of the experimental facility. 
 
 Photo of the experimental facility. 
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 Schematic sketch of test section and heat exchanger. 
In the literature for in-tube boiling measurements, there are two common methods to 
condition the working fluid: Electrical heating and single phase secondary fluid 
heating methods. In the facility used in this study, a modified single- phase secondary 
fluid heating method is used. The advantage of this method is the ability to form a 
nearly uniform temperature boundary condition around the tube perimeter which 
matches better with industrial applications. On the other hand, the electrical heating 
methods maintain constant heat flux boundary condition. Kedzierski (1995) and 
Kandlikar et al. (1997) conducted experiments to investigate the difference between 
electrical heating and fluid heating during pool boiling. Both of the studies agree that 
the heat flux measured via fluid heating method is higher than the heat flux measured 
via the electrical heating methods. Ohadi et al. (1999) also compared two methods and 
reported that heat transfer coefficient for fluid heating method was higher than 
electrical heating methods. For the annular flow with partial dry out on the top 
perimeter of the tube, electrical resistance heating is also not advisable because of axial 
heat conduction along the test section (Wolverine tube inc., 2004). Thus, it may be 
concluded that fluid heating method is more realistic for refrigeration application.  
In this study, the boiling heat transfer coefficient of CO2 flow for a cascade system has 
been investigated. To evaluate more accurate results, the modified single phase fluid 
heating method is used. The modification has been made by improving the constant 
wall temperature boundary condition on the test tube via a two pieces brass jacket. 
Figure 2.3 illustrated the test section with heat exchanger. 
The secondary fluid, HFE, flows around this jacket in the tube circuit. In order to 
provide the uniform temperature condition, two half-cylinder shaped brass pieces are 
located between the HFE circuit and the test tube. The brass jacket unifies normally 
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low temperature glide of the secondary fluid. HFE is used here, for heating. All gaps 
among the two brass pieces and the test tube are filled with high thermal conductivity 
paste to reduce the contact thermal resistance, while the upper and lower parts of the 
brass jackets are tightened with two metal band clamps. Thermocouples are placed at 
the top, bottom, and sides along 3 locations of the test section. Therefore,12 
thermocouples are used for measuring test tube’s wall temperature. The calibration of 
the twelve wall thermocouples are done by using precision RTD thermometer and 
thermal bath (RTE-210, F 200) at 19 different temperatures  between -20 to 2.80 C and 
room temperature.  
Figure 2.4 and Figure 2.5 illustrate the sketch of the tubes which are used in the study. 
For both smooth and micro fin tubes with 11.2 mm inner diameter, the tube placed in 
the larger diameter copper tube and the gap between tubes filled with tin. Because the 
thickness of the both tubes was only 0.4 mm and it was difficult to place thermocouples 
on the tubes surfaces, this tube was used to place the thermocouples. The test tubes 
have a total length of approximately 250 mm and a heated length of 150 mm. 
 
 
 Schematics of the cross section of smooth test tube. 
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 Schematics of the cross section of micro fin  test tube. 
Table 2.1 shows experimental parameters and their ranges used in the experiments. 
 
Table 2.1 Test conditions for the experiments. 
Tested refrigerant CO2 
Heat flux 2, 5, 10, 15 kW/m2 
Mass flux 40, 100, 200, 400 kg/m2s 
Evaporation temperature 15, 30 °C 
Inner diameter of tube 6.1 and 11.2 mm 
Length of test tube 150 mm 
Quality 0.1~0.9 
Oil circulation ratio 0.5, 0.75, 1, 2, 4 % 
The visualization section for determination of flow regime, located after the test 
section, consists of a glass tube, fittings, and a polyester block. The inner diameters of 
glass tubes are 11.1 mm, and outer diameters are 14 mm. Its visualized length is 100 
mm. A polyester block, 100 × 80 × 80 mm, surrounds the glass tube in order to prevent 
the generation of frost, caused by low temperatures, at the glass tube surface. The 
polyester block was formed by pouring liquid plastic in a mold including the glass 
tubes and copper tubes which cover the test tube and glass tube, and by curing it. Figure 
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2.6 shows a visualization test tube and its insulation. The high speed camera (shown 
in Figure 2.7) used in this investigation was a Phantom V4.2 produced by Vision 
Research. The monochromatic camera operates using a SR-CMOS sensor, which 
records images with an 8-bit depth. Images stored with a bit depth of 8 can be stored 
at 256 possible levels. This means that pixels seeing complete darkness are reported 
as a value of 0 and pixels seeing light at or above the saturation limit of sensor are 
reported as value 255. Light levels between black and saturation are converted linearly 
to values between 0 and 255. 
Sampling rates can be up to 21000 fps at full resolution (512x512) and even higher at 
reduced resolutions. Exposure time can be varied, for this camera, from as low 2µs to 
the just shy of the inverse of the frame rate. Images are continually stored in the 4 
gigabyte DRAM buffer of the camera until triggered, and then a specified number of 
images on both sides of the trigger point are saved and transferred to a computer via 
Ethernet connection. A select number of frames, up to entire buffer, determined by 
user can be saved to the hard drive.  
The high speed camera was controlled through the use of software package (Phantom 
640) provided by Vision Research, the camera manufacturer. This software was used 
to set the frame rate, exposure time, resolution and to trigger the capturing process. 
The software also had many post capture image processing capabilities including 
adjustment of brightness, contrast and image orientation. A manual focus Nikon 55mm 
f3.4 lens was used for the visualization.  
After the two-phase flow pressure drop measurement section, the control heater is 
located in order to maintain a desired saturation temperature in the test section. Instead 
of manual power adjustment for the calorimeter, the power supply to the control heater 
is regulated by a PID controller which is operated to equalize a set saturation pressure 
value and the measured saturation pressure. CO2 is heated in the control heater and it 
is two-phase or superheated condition at the outlet. In order to maintain stable CO2 
circulation in the loop, liquid refrigerant should be provided to the gear pump. For this 
reason, CO2 is condensed in a plate heat exchanger connected to the R404A cooling 
unit.  
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 Photo of  visualization section and glass test tube. 
 
 The highspeed camera. 
The heat exchanger is located at the top of the facility and the outlet of the heat 
exchanger is connected with a vertical pipe to the bottom of the facility. Due to the 
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gravity effect, liquid CO2 easily flows down to the bottom of the test rig, which results 
in difficulty getting a sufficient sub cool at the heat exchanger outlet to avoid cavitation 
in the pump. Consequently, an additional heat exchanger, called the sub cooler, is 
located at the upstream of the gear pump, and it maintains a sub cooled condition for 
a refrigerant by cooling with the secondary fluid. 
The sub cooled CO2 flows back to the gear pump, and the CO2 circulation is completed. 
In addition to the main CO2 loop, there are two fade-out vessels and a safety relief 
valve. The HFE7100, produced by 3M Novec Engineering Fluids, is used as a 
secondary refrigerant due to its chemical stability and relatively low thermal capacity 
at low temperatures. There are two functions for the secondary fluid. One is cooling 
the CO2 at the sub cooler to maintain CO2 sub cooling, and the other is heating the 
CO2 at the test section. During system operation, the HFE is always single-phase in 
the secondary loop. The HFE is pumped by a constant speed pump. Some bypass 
valves are located for rough adjustment of the HFE flow rate in the secondary fluid 
loop. The HFE is delivered to the sub cooler where it chills the refrigerant to a sub 
cooled liquid condition. After leaving the sub cooler, the HFE runs into a filter/dryer 
to remove moisture and any contaminants in the secondary fluid. The HFE flow is split 
into two streams at the outlet of the filter/dryer; one is for the flow to a plate heat 
exchanger cooling the HFE and the other is for the flow to a mass flow meter. The 
amount of each flow is determined by a manually operated valve, which mainly 
controls the HFE flow rate to the test section. The valve is located downstream of the 
mass flow meter (Micro Motion CMF 025). Following this valve, a HFE heater is 
located in order to adjust the HFE temperature delivered to the test section. The basic 
structure of the HFE heater is similar to that of a calorimeter, and the electric power 
supplied to the HFE heater is controlled by a variable alternating voltage source 
(VARIAC), ranging from 0 to 240 AC volts. The temperature adjusted HFE flows into 
the test section. The HFE temperatures are measured at the inlet and the outlet of the 
test section in order to calculate the heat transfer rate from the HFE to the test section. 
After adding heat in the test section, the HFE is chilled in the plate heat exchanger 
connected to a R404A chiller and driven to the sub cooler by the HFE pump. T-type 
thermocouples with a calibrated accuracy of ±0.10 °C are used to measure the 
refrigerant, HFE, and wall temperatures in the test facility. The evaporation pressure 
of the refrigerant is determined by a pressure transducer with an uncertainty of ±3.4 
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kPa and pressure drop is evaluated by differential pressure transducers with an 
accuracy of ±0.086kPa.  
The refrigerant and HFE mass flow rates are measured by mass flow meters with an 
accuracy of ±0.1% of the reading. Electrical power inputs to the calorimeter and HFE 
heater are measured with watt transducers which have 0.2% reading accuracy.   
The measured data from pressure transducers, mass flow meters, watt transducers, and 
thermocouples are collected by a data logger (Campbell Scientific Inc. CR23X Micro 
logger) every 5 seconds and the gathered data are transferred to a PC. The 
communication between the PC and data logger is performed by software (PC208W 
2.3 data logger support software) and the measured data are saved as CSV (Comma 
Separated Value) file format in the PC. 
The calorimeter, used in measuring heat transfer coefficients and pressure drop for test 
tubes, consists of two parallel electrical heaters. CO2 leaving the calorimeter merges 
at the outlet and flows into the test section. Before the test section, the merged CO2 
runs about 1 m in a tube having the same diameter as the test tube in order to obtain a 
fully developed flow.  
For the experiments for CO2 with oil, two oil separators are installed in the facility 
between the fade out vessel and CO2 receiver. Thus, this part is used to add oil into the 
facility, by calculating the mass fraction of the CO2 and oil .The oil circulation ratio 
checked from density by using mass flow meter, with an online measurement 
technique. Reniso POE C85 oil with 80 mm2/s viscosity at 40 0C, 1004 kg/m3 density 
at 15 0C.used in the experiments. The oil is miscible for all conditions of the 
experiment. Therefore, the mixture are assumed homogenous all over the experimental 
range The experimental results of the ACRC Project 215 (2009) which measure the 
CO2-oil mixture density used to compare the density measurement from mass flow 
meter in the facility to check oil circulation ratio. 
Regarding to the experimental parameters in our study, they are tube diameter, 
saturation temperature, mass flux, heat flux, oil circulation ratio and quality. The flow 
boiling of the heat transfer coefficient is measured for -15 and -30 0C saturation 
temperature with varying from 40 to 400 kg/m2s mass flux and from 0.5 to 15 kW/m2 
heat flux. Quality is variable between 0.1 and 0.8 and oil circulation ratio is between 
0.5 and 4 %.  
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2.1.2 Data reduction and uncertainty analysis 
In order to obtain an average heat transfer coefficient, the heat transfer rate to the 
CO2 is determined as shown in the following 
?̇?𝐶𝑂2 = (?̇?𝐶𝑝)HFE.( 𝑇𝐻𝐹𝐸,𝑖  - 𝑇𝐻𝐹𝐸,𝑜  ) + ?̇?𝑎𝑚𝑏 - ?̇?𝑐𝑜𝑛𝑑  (2.1) 
 
 Schematics of cross section of the evaporator. 
The heat exchanged with the environment, Qamb, was obtained in a calibration 
experiment at operating temperatures and presented as a function of the overall heat 
transfer coefficient of the test section and the log mean temperature difference between 
the HFE and the ambient air. The axially transferred conduction heat loss through the 
pipe, QCond, was estimated by a finite element code. 
The average heat transfer coefficient, h, was determined from the calculated, QCO2, 
measured average tube wall temperature, the test tube geometry, and the CO2 
saturation temperature calculated from the measured saturation pressure. Data 
regression and determination of CO2 properties were performed using Engineering 
Equation Solver (2004) which uses the equation of state presented by Span and 
Wagner: 
ℎ =  
?̇?𝐶𝑂2
(𝑇𝑤 − 𝑇𝑠𝑎𝑡). 𝐴𝑠𝑢𝑟𝑓  
 (2.2) 
The uncertainty of the heat transfer coefficient occurs due to the uncertainties of the 
independent measured parameters; temperature, pressure, mass flow, and electrical 
power input as mentioned previously. The uncertainty propagation of heat transfer 
coefficient was done based on Moffat (1998). The uncertainty is within the range of 
8–20% of the measured heat transfer coefficient for 6.1 mm tube and 6-10% for the 
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11.2 mm inner diameter tube. Each measurement uncertainty is shown as a vertical 
error bar in the figures. 
2.2 Experimental Data for Flow Boiling of CO2 in Smooth Tube 
The main focus of this chapter is experimental results for flow boiling of pure CO2 and 
CO2POE oil mixture in smooth horizontal copper tubes for two different tube size 
6.1 mm and 11.2 mm inner diameter. The data for pure flow boiling of CO2 in 6.1 mm 
inner diameter tube is taken from Park and Hrnjak (2007). 
2.2.1 Flow Boiling of CO2 with oil in a 6.1 mm smooth tube 
The measured heat transfer coefficient and pressure drop at different operating 
conditions, and then the effect of these operating conditions on the heat transfer 
coefficient are explained below. The results for pure and with oil conditions are given 
in the same figure to make the comparison of these experimental cases. Figures 2.9, 
2.10 and 2.11 show experimental results for 6.1 mm inner diameter smooth horizontal 
copper tube for three different mass fluxes and heat fluxes at saturation temperature -
15 °C. As seen in the figures, oil presence reduces the flow boiling heat transfer 
coefficient and degradation increases with oil concentration. The oil presence at high 
concentrations decreases the flow boiling, mainly due to its high mixture viscosity. 
 
 
 Experimental results at D= 6.1 mm, T= -15°C, q= 5,10,15 kW/m2 for 
G= 100 kg/m2s with oil circulation ratio 0, 0.5, 1, 2 %. 
The oil influence is dependent on the oil concentration because refrigerant-oil is a 
mixture and oil is nonvolatile. Normal boiling point of oil is about 300 0C or higher. 
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Hence, through the inlet to the exit of the evaporator, bubble point temperature and 
all other thermo physical properties change as functions of concentration. 
Consequently, the highest oil concentration in the liquid phase will be at the outlet of 
the evaporator. In case of pure fluids, thermo physical properties do not change during 
the evaporation process. However, for the refrigerant-oil mixture, the properties of 
the liquid phase depend on concentration and quality. Especially, liquid dynamic 
viscosity and surface tension increase with local quality change because local oil 
concentration is a function of the quality. Thus, thickness of the oil film increases 
gradually with the increase in vapor quality and causes in mass transfer resistance. As 
a result of this effect, saturation temperature increases, nucleate boiling is suppressed 
and heat transfer coefficient decreases. 
Figure 2.9 determines the heat flux effect for flow boiling heat transfer coefficient 
and as expected, heat transfer coefficient increased due to the heat flux change. Higher 
heat fluxes give higher coefficients because heat flux accelerates nucleate boiling. 
Since the mass flux is effective on CO2 with oil flow boiling, it is also observed that 
as mass flux increases, heat transfer coefficient is enhanced and effect of each oil 
concentration on the difference between the pure and the mixture heat transfer 
coefficients does not change with respect to the heat flux (Figs. 2.10-2.11). 
 
 Experimental results at ID=6.1 mm, T= -15°C, q= 5 kW/ m2 for 
G= 100,200,400 kg/m2s with oil circulation ratio 0, 0.5, 1, 2 %. 
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 Experimental results at ID= 6.1 mm, T= -15°C, q= 10 kW/ m2 for 
G= 100,200,400 kg/m2s with oil circulation ratio 0, 0.5, 1, 2%. 
 
 Experimental results at ID= 6.1 mm, T= 15°C, q= 15 kW/ m2 for 
G= 100, 200, 400 kg/m2s with oil circulation ratio 0, 0.5, 1, 2%. 
Figure 2.12 determines the mass flux effect on flow boiling heat transfer coefficient. 
Heat transfer coefficient is increased by increasing mass flux and this situation is due 
to the flow regimes. Flow regimes are affected by mass flux and higher mass fluxes 
evaluate annular flow which accelerates the heat transfer in flow boiling. For mass 
flux 100 kg /m2s, experimental results show different trends for various quality 
values. Generally, heat transfer coefficients for the conventional refrigerants increase 
by quality increase but heat transfer coefficient of CO2 decreases because flow boiling 
is dominant on nucleate boiling and the stratified flow suppresses the nucleation. All 
these result in lower values at higher quality values. The experiments for the CO2 with 
oil also follow the same trend for the mass flux affect. However, for the determination 
of flow regime effect there is not any available data in the literature and existing 
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correlation about flow map does not give reasonable predictions. Especially, 
determination of the void fraction for CO2-oil mixture needs further research. 
 
 
 Experimental results at ID= 6.1 mm, T= -30°C, q= 5,10,15 kW/m2 
for G= 100 kg/m2s with oil circulation ratio 0,0.5,1,2 %. 
 
 Experimental results at ID= 6.1 mm, T= -30°C, q= 5,10,15 kW/ m2 for 
G= 200 kg/m2s with oil circulation ratio 0,0.5,1,2 %. 
Figures 2.13-2.15 illustrate comparison of the heat flux at varying mass flux and oil 
concentration values. The increase of oil concentration caused degradation of the heat 
transfer coefficient but it is nearly negligible for the low heat fluxes for all mass fluxes, 
at lowest oil concentration. On the other hand, at high mass flux and heat flux 
conditions (G=400 kg/m2s, q= 15 kW/ m2) degradation of heat transfer coefficient 
reaches to 30%. 
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 Experimental results at ID= 6.1 mm, T= -30°C, q= 5,10,15 kW/ m2 
for G= 400 kg/m2s with oil circulation ratio 0,0.5,1,2 %. 
 
 Experimental results at ID= 6.1 mm, T= -30°C, q= 10 kW/ m2 for 
G=100,200, 400 kg/m2s with oil circulation ratio 0,0.5,1,2 %. 
Figure 2.16 shows the experimental results for T= -30°C, q= 10 kW/ m2 at various 
mass flux and it also has the same trends with saturation temperature -15°C. Similarly 
to the results at T = -15°C, the increasing of the mass flux at low quality did not 
evaluate higher heat transfer coefficients due to the nucleate boiling suppression. 
However, for G=200 kg/m2s the suppression of the nucleation was not dominant like 
G=400 kg/m2s due to the flow regime transition to the annular flow. So it gave highest 
heat transfer coefficient until x = 0.5. Park and Hrnjak (2007) conducted flow regime 
visualizations to explain these unexpected trends and concluded that they are due to 
the flow regime transitions. 
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Bansal (2011) investigated oil effect on flow boiling of CO2 in stainless steel tube with 
an inner diameter of 4.35 mm. They used POE oil (BITZER BSE60K) which is 
miscible with CO2. The experimental conditions were oil concentration from 0% to 
4%, mass flux 259 kg/m2s, heat flux 15.6 kW/m2 and saturation temperatures 
were30° C and 40° C. Their results show that flow boiling heat transfer coefficient 
of C02 increases by oil contamination up to 0.6 vapor quality and then begins to 
decrease, due to dry out. At oil concentration 4%, dry out occur at earlier vapor quality 
than the other concentrations. This condition could be explained by the existence of 
the oil rich sub layer closed to tube wall. However, the present experimental results 
showed an opposite trend to Bansal (2011)’s at nearly the same experimental condition 
(Fig. 2.17). 
 
 Comparison of experimental results with Bansal (2011) at T= -30 °C, 
G=200 kg/m2s, q=15 kW/m2. 
Bansal’s (2012) experimental data pointed out that reducing the diameter effects the 
flow boiling heat transfer coefficient positively, for the tubes of the same material. 
They determined that flow boiling heat transfer coefficient increased by over 30 %, as 
the inner diameter decreased from 6.16 to 4.35 at saturation temperature -40 °C. For 
the same size of a copper tube, the flow boiling heat transfer coefficient range is not 
the same. For the copper tube, average flow boiling heat transfer coefficient was 2.5 
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times higher than the one for the tube having 25% larger size, at saturation temperature 
30 °C and at nearly the same mass and heat flux values for pure CO2. 
2.2.2 Flow Boiling of CO2 with and without oil in a 11.2 mm smooth tube 
The main focus of this chapter is experimental results for flow boiling of pure CO2 and 
CO2POE oil mixture in smooth horizontal copper tubes with 11.2 mm inner 
diameter. 
The measured heat transfer coefficient at different operating conditions, and then the 
effect of these operating conditions on the heat transfer coefficient are explained 
below. The results for the pure and with oil experiments have been illustrated in the 
same figure for comparison. Base-case (without oil) flow boiling heat transfer 
coefficients of carbon dioxide are shown in these figures with curve labeled as OCR= 
0%. As described for the 6.1 mm inner diameter tube, the most interesting feature 
observed in the test results of pure carbon dioxide is a decrease of heat transfer 
coefficient with increasing vapor quality. For all mass flux values in smooth tube this 
trend is observed. This also show that for that experimental range, the flow regimes 
are generally slug or stratified because nucleate boiling is being  suppressed that is  
heat transfer coefficient decreases by quality increase. 
The oil effect on heat transfer coefficient is different from that for the small size tubes. 
The oil degrades the heat transfer coefficient at low quality values. However, for the 
quality values above 0.4 it has an increasing effect because the oil surface tension in 
the mixture is higher than the one for the pure refrigerant resulting in increased 
wettability of the tube. This situation causes the flow regimes and wall temperature 
changes at higher quality. The second possible reason may be foaming effect because 
also foaming has positive effect on wettability resulting in increased heat transfer 
coefficients in the cases of intense foam formation. 
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 Experimental results for ID= 11.2 mm smooth tube T=15°C, 
G= 40 kg/m2s, q= 2, 5, 10 kW/m2 with OCR=0, 0.5, 1, 2 %. 
 
 Experimental results for ID= 11.2 mm smooth tube T= - 15°C, 
G=100 kg/m2s, q= 2, 5, 10 kW/m2 with OCR=0, 0.5, 1, 2 %. 
Figures 2.18 and 2.19 illustrate the change of heat transfer coefficients under several 
heat flux conditions. As it is seen in the figures, heat transfer coefficient decreases at 
low quality and begins to increase at high quality and high heat flux values. The results 
illustrate that at low quality, nucleate boiling dominated regime is affected by the oil 
negatively but since higher heat flux and higher quality increases the nucleation and 
convection, respectively, the combined effect compensates the degradation by the oil. 
Thus, with the flow regime change, heat transfer coefficients are increased. 
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 Experimental results for ID= 11.2 mm smooth tube T= - 15°C, 
G=200 kg/m2s, q= 2, 5, 10 kW/m2 with OCR=0, 0.5, 1, 2 %. 
 
 Experimental results for ID= 11.2 mm smooth tube T= -30°C, 
G=40 kg/m2s, q= 2,5 kW/m2 with OCR=0,0.5,1,2 % 
Oil had a negligible effect on heat transfer under the conditions of mass flux 200 
kg/m2s and heat flux 2 kW/m2 (Fig. 2.20). However, increasing the heat flux, the oil 
concentration caused decreasing the heat transfer coefficient. It is explained that oil 
caused additional suppression on nucleate boiling as seen in the experimental results 
for 6.1 mm. Meanwhile, the opposite trend is observed in Figs. 2.21 and 2.22. 
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 Experimental results for ID= 11.2 mm smooth tube T= -30°C, 
G=100 kg/m2s, q= 2,5 kW/m2 with OCR=0,0.5,1,2 %. 
 
 Experimental results for ID= 11.2 mm, smooth tube T= -30°C, 
G=100 kg/m2s, q= 2,5 kW/m2 with OCR=0,0.5,1,2 %. 
Based on the studies reported in literature, also it may be concluded that the presence 
of oil is able to increase the flow boiling during the stratified or wavy flow region of 
the pure refrigerant, but it reduces the flow boiling during the annular flow region. The 
heat transfer reduction can be attributed to the mixture properties, mass transfer 
resistance and oil-rich layer (Shen and Groll, 2003). The investigators attempted to 
explain the reason why oil enhances the heat transfer through three possibilities: i-) 
foaming formation, ii-) increased wetted surface iii-) enhanced nucleate boiling. For 
comprehensive understanding of that effect, there should be a nucleation and flow 
visualization experiment for the same oil concentration and under the same 
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experimental conditions. Because enhancement in heat transfer coefficient has not 
consistence with the experimental parameters to figure out the dominant effect, it is 
recommended to analyze the flow regime maps. We conducted the visualization 
experiments and the comparison of the flow visualization is shown in Tables 2.2 and 
2.3. The oil contamination affects the flow regime transition due to the bubble 
formation. As the oil concentration increased, the flow regimes for pure and with oil 
cases are identical to each other. However, for the CO2 with oil, the number of bubbles 
is increased as quality increased. This is the main reason for the enlargement of the 
interface between the vapor and liquid resulting in increasing heat transfer coefficients.  
Wongwises et al.(2002) performed visualization studies for 7.8 mm tube with R134a 
and 5% concentration PAG oil and they also observed the same trend that most obvious 
difference of oil contaminated flow were frothing and wetting walls. In addition they 
reported that the transition from stratified to annular flow was seen to shift lower 
quality. 
 
 Experimental results for ID= 11.2 mm smooth tube T= -300C,G=40-200 
kg/m2s, q= 5 kW/m2 with OCR=2 %. 
Variations of heat transfer coefficients with respect to mass flux are represented in 
Figure 2.24 at OCR 2 %. As presented in pure refrigerant results, the heat transfer is 
much enhanced in the annular flow than in the stratified wavy flow. Generally, the 
annular flow pattern can be obtained more easily as mass flux increases, and this 
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change in the flow pattern affects the heat transfer. The heat transfer coefficients 
increase as the mass flux increases, since greater number of molecules is taking the 
heat from the wall per unit time by reducing the wall temperature.  
 
 Experimental results for  smooth tube T= -15 °C, G=200 kg/m2s,  q= 
0.5-10 kW/m2 with OCR=2 %. 
Figure 2.25 represents oil effect OCR 0 to 7 % at T= -30 0C, G=100 kg/m2s, q= 10 
kW/m2 in smooth tube. The comparison of the different oil circulation ratios show that 
up to 3 % OCR, existence of oil decreases the heat transfer coefficient below 0.4 
quality and increases above that quality but this increase saturated above 3% OCR. 
Heat transfer coefficient shows decreasing but even under that condition, the value of 
the heat transfer coefficient is higher than the one for the pure case.  The positive effect 
can be seen in certain oil circulation ratios and flow regimes. As seen in the previous 
figures also there are 3 main trends. For low oil concentration ratio the effect of heat 
transfer coefficient is negligible while increasing the oil circulation ratio at high 
quality, there is a positive effect of oil due to the wettability but after 4 % oil, the all 
oil circulation ratio has similar results and they have dry out region. The heat transfer 
coefficient increased up to quality 0.4 and then begins decreasing. 
In Appendix A, the flow visualization results are given. Figure A.1 illustrates the flow 
pattern for mass flux 40 kg/m2s at two oil concentration values. Flow regimes for these 
concentrations are stratified and stratified wavy but for 2% oil concentration above the 
quality of 0.1, the bubbles forming at the interface disturb flow instability. Figure A.2 
and Figure A.3 show flow regime for mass flux at 100 kg/m2s and 200 kg/m2s, 
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respectively. As seen in the figures, bubble formation begins to be seen even in 0.05 
quality and wavy flow occurs much easily than low mass flux condition. Figure A.4 –
A.6 show flow regimes at saturation temperature 30 °C. As seen in the results 
regarding to the heat transfer coefficient, oil effect is more significant at low saturation 
temperature. This situation is due to the dramatic change in thermo physical properties 
of oil at low saturation temperature. Especially viscosity and surface tension increased 
up to 7 time’s higher values by function of local concentration. Meanwhile, bubble 
formation occurs more easily at low saturation temperature values as seen in the 
figures. 
Also Saito et. al (2011) investigated flow pattern for CO2 and CO2-POE oil mixture at 
from 1.9 MPa to 4 MPa, and oil concentrations from  0 to 5 % for 14 mm inner diameter 
tube. They observed that at low vapor quality there was no distinct difference between 
pure and with oil experiments but in our experiment we have observed bubble 
formation at the interface of the vapor and liquid, even in low quality. For high quality 
they defined the flow as foam and earlier annular flow formation at low mass flux for 
with oil experiment. This is consistent with our results but we could not compare the 
experimental results directly because of difference between saturation temperature and 
mass fluxes. In the literature Manwell et al. also studied the R12-SUS 300 oil mixture 
flow boiling and they observed annular flow at low qualities rather than pure results. 
They also defined the flow regime as “foam”. In their study, even in micro fin tubes 
individual bubble formations have existed.  
As seen in the Figure 2.26 at low mass flux and low quality, bubbles are formed at the 
interface and their number was not much more than a few at quality 0.1. The 
experiments have been repeated three times but the bubble density did not change. Due 
to that, we called the type of the flow as “bubbly stratified flow” for the low quality. 
That type of the regimes continues for the low mass fluxes,  up to 0.5 quality and then 
bubble density increased and bubble size decreased and bubbles did not move 
individually anymore. Also mass transfer through the bubbles continued at the 
interface, so bubbles got larger and even exploded. That behavior could be caught in 
the video, easily. As mass flux increased the liquid thickness increased and for the 
same quality the bubble density increased but due to the higher slip ratio the bubble 
size got smaller but still moved individually not like foam flow even the density of 
bubble was higher. 
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Table 2.2 Comparison of flow images at varying mass flux, quality and oil circulation ratio at T=-15°C. 
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Table 2.3 Comparison of flow images at varying mass flux, quality and oil circulation ratio at T=-30°C. 
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Table 2.2 and Table 2.3 illustrate the flow pattern change from quality 0.05 to 0.8 for 
each mass fluxes. Regarding to increase of surface tension and viscosity of the mixture 
due to change in local concentration, bubble formation can also be observed at 
increasing qualities. As seen in the tables at constant inlet oil concentration the number 
of the bubbles increases with increasing quality. As quality increases the flow pattern 
changes from stratified to stratified-wavy for pure case. The same change has been 
observed in existence of oil; however amplitude of the waves during this transition 
increases at higher oil concentrations, resulting in instability. As seen in Figure 2.26-
2.30, it was more obvious that the bubble density increased with the increasing oil 
circulation ratio for the same quality value but the heat transfer coefficient still 
decreased. This is due to the stratified flow continuing and upper part of the tube could 
not get wet. Thus; even more bubbles occurred at the interface. In the literature many 
researchers gave the relationship between the foaming and the increasing heat transfer 
coefficients but in the figure we observe even that foam formation causes the heat 
transfer coefficients to decrease. 
 
 
 The comparison of visualization results for ID=11.2 mm smooth 
tube T= -15 °C at 0.1 quality. 
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 The comparison of visualization results for for ID=11.2 mm 
smooth tube T= -15 °C at 0.55 quality. 
 
 The comparison of visualization results for ID=11.2 mm 
smooth tube  T=-15 °C at 0.7 quality. 
At lower temperature, the viscosity and surface tension of the mixture got higher 
values due to the bubble density increased as seen in Figs. 2.28 and 2.29. For low mass 
flux and low temperature, flow patterns are the same with those of under the high 
temperature condition but the heat transfer trend versus quality is opposite at high 
quality values. The heat transfer coefficient began to increase as quality and oil 
circulation ratio increased. It indicates that at low temperature due to the high viscosity 
level, convective boiling got more dominant and as local concentration increases the 
wettable area has been enlarged so that heat transfer coefficient was promoted. This 
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situation was more obvious for higher quality and higher mass flux values where the 
annular flow patterns were observed. 
 
 The comparison of visualization results for ID=11.2 mm 
smooth tube T= -30 °C at 0.1 quality. 
 
 The comparison of visualization results for ID=11.2 mm 
smooth tube T= -30 °C at 0.5 quality. 
The experimental results for G=100 kg/m2s, q=10 kW/m2 are also compared with those 
in Hassan (2004), which are obtained for 10.06 mm inner diameter stainles steel tube 
at nearly identical mass and heat flux values with various oil concentrations as 
represented in Figure 2.31. The main differences between these experiments are the 
tube material and oil type. As explained before copper tube results in higher heat 
transfer coefficient values than those obtained by steel tube even for larger tubes. 
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Meanwhile as opposed to other studies, in this study, the effect of oil is observed to be 
favoring the heat transfer coefficient for quality values approximately above 0.4. 
 
 Comparison of experimental results with Hassan (2004) at T= -
30 °C, G=100 kg/m2s, q=10 kW/m2. 
2.3 Experimental Data for Flow Boiling Of CO2 in Microfin Tube 
In this chapter, the measured heat transfer coefficients at different operating conditions 
have been presented. Then, the effect of these operating conditions on the heat transfer 
coefficient has been explained. The results for pure and with oil conditions and also 
smooth and micro fin tube measurements have been illustrated in the same figures, for 
comparison. 
The experimental results of micro-fin tubes show that the heat transfer coefficient 
tends to increase with an increase of OCR, mass flux, and heat flux.  
As it has been emphasized in the previous chapters, the addition of oil to pure 
refrigerant liquid affects the thermodynamic and transport properties of the liquid, and 
changes phenomena such as flow boiling.  Since the oil has a low vapor pressure, it is 
not present in the vapor phase; it is only in the liquid phase. Generally, oil has higher 
viscosity and surface tension than CO2, and the properties of the mixture are a function 
of local concentration. The higher surface tension increases resistance to bubble 
formation and increases tube wetting in the stratified flow regime, while the higher 
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viscosity reduced the velocity of the liquid phase and convective heat transfer 
coefficient.  
As shown in Figure 2.32 at low mass flux (40 kg/m2s) heat transfer coefficient is nearly 
the same as smooth tube while it is getting higher than smooth tube at higher mass 
flux. In smooth tube below 100 kg/m2s of mass flux, heat transfer coefficient decreases 
with increasing quality while in micro-fin tube this is seen only below 60 kg/m2s mass 
flux.  
Figs. 2.32 to 2.34 indicated the experimental result for micro fin tubes with 180 C helix 
angle at different mass and heat flux. For all mass fluxes except 40 kg/m2s, heat 
transfer coefficient increased as quality increased. It shows that convective boiling gets 
dominant for the micro fin tube as described in the literature data base. For the smooth 
tube, the convective boiling dominated regime begins at mass flux 200 kg/m2s and 
after quality 0.3 but as seen in the figure it begin at even lower mass fluxes. 
It is confirmed that oil effect on heat transfer coefficient in micro-fin tube has different 
characteristics than smooth tube. In micro-fin tube, oil effect is generally increased 
while increasing OCR. On the contrary, in smooth tube, the positive effect of oil on 
heat transfer coefficient is seen only at high mass fluxes above 0.4 qualities. It is also 
shown that in micro-fin tube at OCR 5 % above 0.7 quality heat transfer coefficient 
gets lower than pure condition.  
Figure 2.33 indicated the comparison of heat flux effect on heat transfer coefficient 
and it has two different trends for the same mass fluxes. For low heat flux, oil 
contamination decreased the heat transfer coefficient but the heat transfer coefficient 
is enlarged even for a small discrepancy in increasing heat flux. This trend does not 
contain any proportionality because as known from the smooth tube visualization 
results, foaming occurred on the interface and this formation does not result with 
enhancing heat transfer coefficient under all of the conditions. 
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 Experimental results for microfin tube T=15°C,G=40 kg/m2s, 
q=1,2,5,10 kW/m2 with   OCR=0,0.5,1,2 % .      
 
 Experimental results for microfin tube T= 15 °C, G=100 kg/m2s, 
q= 2, 5, 10 kW/m2 with OCR=0,0.5,1,2 % . 
Figure 2.34 shows heat transfer coefficient at mass flux 200 kg/m2s at two different 
heat fluxes and various oil concentrations. As seen in the figure, oil has always positive 
effect on heat transfer coefficient for the micro fin tube. In micro fin tube, convective 
boiling is dominant and with the oil effect on the convective boiling positively, 
increasing the wettability, heat transfer coefficient has been enhanced. 
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 Experimental results for microfin tube T= 15 °C, G=200 kg/m2s, 
q=1,2,5,10 kW/m2 with OCR=0, 0.5, 1, 2 %. 
 
 Experimental results for microfin tube T=15°C, G=40,100,200 
kg/m2s, q=5, kW/m2 with OCR=0, 0.5, 1, 2 %. 
Figure 2.35 indicates the oil effect on heat transfer coefficient for smooth and micro 
fin tubes at different oil concentration rates. For smooth tube, oil effect is either 
negligible or negative but for the micro fin tube due to the change of flow regime in 
the tube, oil effect is mostly positive. It is shown in Fig. 2.35 that heat transfer 
coefficient increases by increasing mass flux for all type of the tubes. The micro fin 
tube with 180 helix angle, on the other hand is influenced by the mass flux changes 
more than the other types. 
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 Experimental results for  smooth and microfin tube T= -30 
°C, G=100 kg/m2s, q= 2-5 kW/m2 with  OCR=0 -2%. 
 
 The mass flux effect on heat transfer coefficient at  T= -30°C,q= 5 
kW/m2 with  OCR=0,2% in microfin tube. 
Generally refrigerants have increasing heat transfer coefficients with increasing 
quality. However, with CO2, flow boiling is dominated by nucleate boiling and the 
suppression of nucleation in the stratified flow causes in decreasing heat transfer 
coefficients with increasing quality, at mass fluxes below 100 kg/m2s, in smooth tube. 
This can be seen in the figures for G=40 kg/m2s. For the mass flux higher than 100 
kg/m2s, the heat transfer coefficient is increased by quality because convective boiling 
is enhanced by increasing liquid and vapor velocities, due to mass flux changes. 
Another phenomenon for the micro fin tube is that fins cause swirling flow and 
increase the turbulence in the tube. In addition to that, the wettability of the tube 
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surface is enhanced resulting in convective boiling being augmented and for all mass 
fluxes heat transfer coefficient tends to increase by quality. 
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3. ANALYSIS AND DISCUSSION OF RESULTS 
The influence of the various parameters on heat transfer, and flow regime has been 
discussed and compared to the available data in literature. 
3.1 Effect of Saturation Temperature on CO2 Flow Boiling Heat Transfer 
The saturation temperature is the main parameter to influence all the transport 
phenomena in flow boiling. The transport properties change due to the saturation 
temperature and it affects all heat and mass transfer directly. 
 
Figure 3.1 : Saturation temperature effect at ID= 6.1 mm, G= 400 kg/m2s, q= 5 kW/m2 
As saturation temperature increases, the ratio of the specific volume of vapor to liquid 
decreases. As a result, the decrease of bubble buoyancy prevents nucleate boiling. At 
higher saturation temperatures, heat flux is reduced because a decrease in bubble 
buoyancy prevents bubble departure and eventually deactivates nucleate boiling. 
Meanwhile, due to the viscosity and surface tension decrease, as saturation 
temperature increases nucleate boiling enhances. As well-known from the 
experimental results regarding to the conventional refrigerants, higher saturation 
temperature values show higher heat transfer coefficients. It is present in Fig 3.1 that 
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for pure CO2, as saturation temperature is doubled; heat transfer coefficient gets 
increased nearly 1.5 times. On the other hand, for the CO2-oil mixture there are not 
significant changes due to the saturation temperature. These results also have been 
explained by the changes in the surface tension and viscosity of the mixture with 
respect to the temperature. For the low temperature condition, CO2 viscosity and 
surface tension are already high and nucleation is not effected from the oil 
contamination, as in the case of high temperature. Table 3.1 give the percentage change 
of the thermo physical and transport properties from ─15°C to 30°C. As seen in the 
table the largest difference is for reduced presure and vapor density which affect on 
the convection heat tranfer. 
Table 3.1: Change in Properties of Pure CO2 from 15°C to 30°C. 
Properties Difference(%) 
Reduced Pressure -60.46 
Liquid Density 6.32 
Vapor Density -63.69 
Liquid/Vapor Density Ratio 42.76 
Liquid Viscosity 21.86 
Vapor Viscosity -8.11 
Liquid/Vapor Viscosity Ratio 27.76 
Surface Tension 29.59 
Conductivity 12.78 
Figure 3.2 represents the saturation temperature effect on heat transfer coefficent for 
11.2 mm inner diameter tube. As seen in the figure the difference between two 
temperature values gets smaller for the larger tube due to the flow stratification. For a 
mass flux of 100 kg/m2s, the visualization experiments pointed out a stratified wavy 
flow regime for quality values below 0.5 and transition to annular flow for values 
above 0.5. Meanwhile for the larger tube size, the oil effect is also reversed at high 
vapor quality due to the increase in the heat transfer coefficient at lower saturation 
temperature, where a significant difference is observed between 15 and 30 °C. As 
seen in Figure 3.3, the visualization at OCR= 2% and x= 0.8 for both temperatures 
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present an axisymmetric annular flow regime but lower saturation temperature yields 
higher bubble density due to higher viscosity at that local concentration. 
 
Figure 3.2 : Saturation temperature effect at ID= 11.2 mm, G= 100 kg/m2s, q=10 
kW/m2. 
 
Figure 3.3 : Comparison of flow pattern visualization between T=15°C and 
T=30°C  for ID= 11.2 mm, G= 100 kg/m2s, x=0.8. 
Figure 3.3 also represent the flow pattern difference between two saturation 
temperatures for the same experimental condition. It is more obvious in this figure that 
distribution of the flow instability is higher for low saturation temperature. Meanwhile 
bubble density is higher for lower saturation temperature so wetted area is enhanced. 
  
T=-15°C  T=-30°C  
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3.2 Effect of Diameter on CO2 Flow Boiling Heat Transfer 
3.2.1 Analysis of diameter effect on flow boiling heat transfer of pure CO2 
Figure 3.4 and 3.5 denote the tube size effect for pure CO2. The increased tube size 
degrades the heat transfer coefficient. The small diameter mainly improved the 
turbulence and flow regime change from stratified flow to annular flow. The effect of 
the tube size also depends on the flow regimes due to the correlation between the heat 
transfer and the quality. For the tube diameter 11.2 mm, the heat transfer coefficient 
tends to be decreased as the quality increases.  The unexpected trend in heat transfer 
coefficients at low qualities for the 3.5 mm and 6.1 mm tube sizes is due to the 
suppression of the nucleate boiling at annular flow. Park and Hrnjak (2007) explain 
that trend with the difference of the surface roughness of the tubes. 6.1 mm tubes 
surface roughness higher than 3.5 mm due to the that larger tube has more nucleate 
active area and nucleate boiling heat transfer portion is higher . As seen in the Figure 
3.4 at lower saturation temperature the tube size effect is negligible at low quality due 
to the reduced pressure and change of viscosity nucleate boiling suppress and heat 
transfer coefficient decreased. Meanwhile as viscosity increase by decrease of 
saturation temperature contribution of the convective boiling increase so at higher 
quality value smaller size tube results in higher heat transfer coefficient. 
 
Figure 3.4 :  Tube size effect at T= -15°C and T= -30°C, G=200 kg/m2s, q= 5 kW/m2. 
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Figure 3.5 : Tube size effect at T= -15°C, G=200 kg/m2s,q= 10 kW/m2. 
3.2.2 Analysis of diameter effect on flow boiling heat transfer of CO2 with oil 
As mentioned before, higher heat flux gives higher heat transfer coefficient because 
heat flux accelerates nucleate boiling. The mass flux also show an increasing effect 
on heat transfer coefficient in the experiments with oil. The oil concentration increase 
show nearly same change in percentage for each of the heat flux values. 
 
Figure 3.6 :  Experimental results at D=6.1 mm, T= 15 °C, G= 100 kg/m2s for q= 
5,10,15 kW/ m2 with oil circulation ratio 0,1,2 %. 
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Figure 3.7 : Experimental results at D=6.1 mm, T= -30 °C, q= 10 kW/m2 for G= 
100,200,400 kg/ m2s with oil circulation ratio 0,1,2 %. 
Figures 3.6 and 3.7 figure out the normalization of the experimental results for the oil 
conditions and it is shown that the oil effect in decrease of heat transfer coefficient is 
not more than 30% of the decrease under without oil condition. Also, an unexpected 
result has been observed that the effect of the vapor quality is nearly the same for both 
of the conditions. We also compare these results with the existing correlations in 
literature but none of them has a good agreement with our results. These correlations, 
generally predicted the increase in heat transfer coefficients while we have decreasing 
cases that are physically corrected.  
 
Figure 3.8 : Experimental results at D=11.2  mm, T= -15°C, q= 5 kW/m2 for G= 
40,100, 200 kg/ m2s with oil circulation ratio 0.5,1.2 %. 
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Figure 3.9 : Experimental results at D=11.2 mm, T= -15 °C, for G= 100 kg/m2s, 
q= 2,5,10 kW/m2 with oil circulation ratio 0.5,1,2 %. 
Figure 3.8 and 3.9 illustrate normalization of heat transfer coefficient with oil and pure 
CO2 experimental results. There is a discrepancy of results for each condition. But 
main trends are that oil contamination increases the heat transfer coefficient at higher 
vapor qualities. 
Refrigerant-oil mixture flow boiling heat transfer coefficient compared to the pure 
refrigerant is mostly less than for the same mass and heat fluxes. Results show that in 
6.1 mm inner tube diameter with 100 kg/m2s mass flux and 5 kW/m2 heat flux the 
change of heat transfer coefficient depends on quality. In the literature this is explained 
by oil layer thickness close to tube wall which reduce the conduction heat transfer to 
the liquid phase and so nucleate boiling. 
As shown in this study experiments CO2- POE oil mixture flow boiling heat transfer 
coefficient is always less than pure CO2 and as the oil circulation ratio increases it 
degraded except for very low heat flux values at saturation temperature 300C. These 
results agree well with the Hassan’s (2004) experiments for 10.06 mm inner diameter 
stainless steel tube. Hassan (2004) also explains that oil concentration on the surface 
is higher due to that surface cover with oil layer which blocked the replenishment of 
refrigerant and suppress the boiling. This effect is more significant at higher 
temperature as revealed in the experimental results.  At higher temperature due to the 
surface tension value the boiling phenomena is dominant by nucleation and 
suppression in nucleation significantly affects the total heat transfer coefficient. 
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On the other hand at low temperature, nucleation is reduced by surface tension and 
convective boiling gets more dominant by the increase of viscosity. 
The experimental results for 11.2 mm inner diameter copper tube show different trends 
than from 6.1 mm and other data reported in literature. For the same mass and heat 
fluxes the CO2-POE oil mixture in 11.2 mm tube, heat transfer coefficient is higher 
than the one in pure experiments and becomes larger by increase of oil circulation 
ratio. 
As shown in the flow maps, both tube diameters have stratified- stratified wavy flow 
regime at 100 kg/m2s mass flux but the effect of oil on the heat transfer is opposite. As 
the diameter gets larger, stratification occurs easily so wettability gets more important. 
As shown in the figure for 11.2 mm inner diameter tube, the bubbles form in the tube 
by the increasing oil concentration and quality, causing in stratified wavy flow earlier 
than the pure experimental results. This formation causes in augmentation of the 
wetted area and provides more nucleation due to the flow boiling heat transfer 
increased at such situations. For the 6.1 mm inner diameter tube because of the less 
stratification than in the 11.2 mm, the bubble formation and distribution to the 
stratified flow should be slow. This situation is similar to the pool boiling. Mitrovic 
(1998) explains in his theoretical work that in pool boiling of refrigerant oil mixtures, 
as the oil concentration increases, the nucleation gets slower which cause smaller 
bubble sizes. Meanwhile, as concentration increases due to change of surface tension, 
the oil layer thickness around the bubble gets thicker, thus buoyancy forces get less 
than inertial forces and causes in slowing down the bubble motion in the bulk mixtures.  
This theory shows that the local concentration is a more effective parameter in 
refrigerant oil mixture flow boiling and it can explain different trends of heat transfer 
coefficient at two different tube diameters. Mitrovic (1998) also figures out that 
refrigerant-oil mixture can only show higher heat transfer coefficients than pure 
refrigerant due to the oil surfactant additives. However, in the current experiments the 
oil did not cause heat transfer coefficient increases in all cases. Thus surface additives 
are not responsible for increase of heat transfer coefficient. 
All these results show that the forces acting on the fluid, namely, inertia viscous forces, 
surface tension and buoyancy, although negligible in this study, affect the boiling 
process. Thus; depending on the relation to convection and nucleate boiling, the 
relationships between the parameter and the forces analyzed. 
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Kandlikar (2010) analyzed the scale effect on heat transfer and two-phase flow in 
microchannel. He recommended that normalization of inertia, surface tension, shear, 
gravity and evaporation momentum forces per unit area is useful for studying the effect 
on flow pattern, heat transfer and flow instability. The normalization of the forces 
given in below equations.  
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𝐹𝑖
′′ is the inertia force for per unit area and it is a function of mass flux and density. 
For the comparison of inertia force between oil and without oil case inertia force 
should be reduced in oil case due to the mixture density increase as concentration 
increase but for CO2-POE oil cases it is not the case for at low saturation temperature 
due to the non-ideality of the mixture. 𝐹𝜎
′′  is the surface tension force per unit area and 
it is decrease by oil contamination due to the increase of surface tension of mixture in 
each concentration. 𝐹𝜏
′′  is a shear force per unit area and it is function of viscosity, 
mass flux, density and diameter. It is also increase by the oil contamination due to the 
viscosity change. 𝐹𝑀
′′   is the evaporation momentum force per unit area. It is function 
of the heat flux, latent heat and vapor density. As the assumption is oil contamination 
effect on latent heat is negligible for the low quality value it should be the same for 
with and without oil case. 
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4. CORRELATIONS for HEAT TRANSFER DATA 
In the refrigeration sector, the main objective is to define the design parameters from 
the prediction of the system efficiency. Especially for the evaporator design, the 
prediction of the heat transfer coefficient is very important to determine all of the 
design parameters. The prediction of heat transfer coefficient is discussed in this 
chapter, based on the methods present in literature and compared to the experimental 
data 
4.1 Correlations for Flow Boiling Heat Transfer Coefficient 
Thome (1995) summarized that there are two typical methods to study the lubricant 
influence: one is the “oil contamination approach” and the other is 
“thermodynamically-right approach”. 
Oil contamination method: This method studies the performance of refrigerant-oil 
mixtures based on pure refrigerant properties. Especially, the heat transfer coefficients 
are reduced from pure refrigerant saturation temperature and refrigerant latent heat. In 
this method the oil effect is regarded as a correction factor, which is generally a 
function of oil concentration. This method fails to demonstrate the real characteristics 
of refrigerant-oil mixtures. This method is not appropriate to study the local behaviors, 
and it especially causes error at high vapor qualities. 
Thermodynamically right approach: This approach is based on mixtures properties. 
Thome et. al (1995) presented the second representative method as the 
“thermodynamically-right approach”. This approach considers the refrigerant-oil 
mixture something like a zeotropic mixture, and it studies the refrigerant-oil based 
properties. In particular, the method associates the heat transfer coefficient with the 
mixture bubble temperature, which changes with local concentration. In this case, 
accurate mixture property predictions are important and the knowledge of the lubricant 
impacts the local behaviors, such as flow-pattern and flow state can improve 
applicability of this method. This method can only be used for completely miscible 
refrigerant-oil pairs. 
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For that model, firstly we need to define the mixture properties and then best two-
phase heat transfer correlations for the pure refrigerant and then apply the mixtures 
properties to the model. Unfortunately there is not enough data about CO2-POE oil 
mixture properties at low oil concentrations and empirical model to predict these 
properties do not give any reasonable prediction for that oil type. This part of the 
research needs further work. 
4.2 Comparison between Experimental Results and Correlations 
We applied well tested prediction models to the pure CO2 experimental results to 
define the best model for our experimental range. Figure 4.1 and 4.2 show results for 
6.1 mm and 11.2 mm inner diameter tube but even for the pure case, empirical 
correlations are limited to explain the physics of the flow boiling process and disagree 
with the experimental data. All correlations give higher deviations. Gungor-Winterton 
(1986) gives the lowest deviations for the most of the cases but in spite of this, it does 
not capture the mass flux and vapor quality effect on the boiling. For instance in Figure 
4.2, for 6.1 mm inner diameter at highest mass flux and heat flux of the experimental 
case, Gungor-Winterton correlation gives the lowest absolute average deviation which 
is 9.6 %, representing the trends that heat transfer coefficient decreases by quality 
changes. However this is not the case and this representation is opposite to the results 
deduced from the experiments. Hence there is a need to develop better correlations for 
boiling heat transfer of refrigerant.  
Figure 4.3 shows the comparison between the experimental data and the 
prediction of Gungor Winterton correlation for CO2-POE oil mixtures. The 
correlation did not give good agreement and show that oil effect is constant for 
all concentrations in the experimental range. To have better understanding, we 
investigate every parameter in the correlation one by one and have concluded 
that this type of correlation does not predict nucleate boiling effect in the 
mixture. For the refrigerant-oil mixture, besides the bubble growing mechanism, 
mass transfer resistance is dominant and this effect has not been considered for 
the flow boiling. This part of the study also needs further work. 
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Figure 4.1 : Comparison of the prediction models with experimental data 
for D=6.1 mm T=15°C a)G=100 kg/m2s, q=5 kW/m2 b) 
G=400 kg/m2s, q=15 kW/m2. 
 
Figure 4.2 : Comparison of the prediction models with experimental data for 
D=6.1 mm T= -15 0C a) G=100 kg/m2s, q=5 kW/m2 b) G=400 
kg/m2s, q=15 kW/m2. 
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a)                                                b) 
Figure 4.3 : Comparison of the Gungor-Winterton(1986) models with 
experimental data for D=6.1 mm T= -15 0C , OCR 0.48~1.96 % 
a)G=100 kg/m2s, q=5 kW/m2 b) G=400 kg/m2s, q=15 kW/m2 
 
Figure 4.4 :  Comparison of experimental data with Gungor-Winterton 
correlation at T=-15°C,G=100 kg/m2s,q=5 kW/m2 
As seen in the Figure 4.4 Gungor-Winterton correlation overpredicted the data for 
concentration 10% if the mixture properties use in the calculation of parameters such 
as viscosity, density and surface tension.The mixture properties increase with quality 
as a function of concentration Especially surface tension of mixture increase up to 7 
times from quality value 0.1 to 1.It is assumed that difference of mixture properties in 
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each quality result in gradually  change in the heat transfer coefficient. On the other 
hand prediction results indicate that the heat transfer coeffcient change is constant until 
dryout and dryout occur earlier than pure condition.Figure 2 illustrates individual 
analyze of Gungor-Winterton correlation parameter. As seen in the figure there is no 
difference on nucleate boiling because it is not affected by change of viscosity.On the 
contrary the convective boiling parameter and S parameter increase due to the viscosity 
change so the heat transfer coefficient enhance due to the mixture properties. 
Especially S parameter trends reversed from the pure condition which result in 
overprediction of heat transfer coefficient. 
Katsuta et. al [2008] developed a correlation for CO2-oil mixture modifying the Chen’s 
type correlation with oil circulation ratio as a multiplier for nucleation component. 
This correlation strongly depends on their based data and only has good prediction for 
that experimental condition. Because of that, this correlation has no agreement with 
the experimental parameter changes such as evaporation temperature and oil type 
change. Especially, as seen in Figure 4.4, it is overestimated the pure CO2 heat transfer 
coefficient and under estimated CO2-oil mixture heat transfer coefficient. 
The experimental results for the pure CO2 heat transfer coefficient compared with the 
correlation by  
 Gungor and Winterton (1986) 
 Liu and Winterton(1991) 
 Kandlikar(1990) 
 Wattelet(1994) 
 Jung et al.(1989) 
 Yoon et al.(2004) (modified for CO2) 
 Cheng and Thome (2006, 2008) (modified Kattan and Thome model for CO2). 
which are also summarize in Appendix C. 
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Figure 4.5 : Comparison of the each parameter in  Gunger-Winterton correlation for 
OCR=10 %. 
 
Figure 4.6 : The comparison of experimental results with Katsuta et. al. (2008) 
correlation at D=6.1 mm  G= 100 kg/m2s a) q=5 kW/m2, b) q=15 
kW/m2. 
The figures of this comparison are given in the Appendix D.and E Appendix D and E 
include the comparison of the predicted value and experimental value for each mass 
flux and heat flux configuration. 
Flow pattern for two phase flow provides significant information to determine the heat 
transfer and pressure drop trends. For the CO2 two-phase flow patterns, very limited 
data is available and for oil effect there is not any study on subcritical conditions.  
 
           
Figure 4.1 : Comparison of the each parameter in  Gunger-Winterton 
correlation for OCR=10 % 
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Park and Hrnjak(2007) gave comprehensive review of the literature and has flow 
visualization for adiabatic horizontal glass tube 6.1 and 3.5  mm inner diameter at 
15°C and30°C , mass flux 100~400 kg/m2s .  
Flow patterns in the mentioned study, were slug-stratified smooth, slug-stratified 
wavy, stratified wavy, intermittent, annular wavy and annular. For that experimental 
condition dry-out regime does not occur. For low mass flux 100 kg/m2s, annular flow 
is not observed because vapor velocity at the mid and high vapor quality region is not 
fast enough to generate shear force on the liquid phase to develop the annular flow 
pattern. Meanwhile, stratified flow patterns occur and cause dry wall surface on the 
top of the tube. This surface causes the heat transfer decrease by increasing of the 
quality which was shown in the heat transfer coefficient measurements. 
For higher mass flux values, the flow pattern is stratified smooth, stratified wavy for 
qualities around 0.2 and by increasing the quality, annular wavy and annular flow 
occur increasing the heat transfer coefficients. 
Park(2006) compared the visualized flow pattern of CO2 with the Weisman et 
al(1979), Kattan et al(1998a) and modified version of Kattan et al(1998a) by Wojtan 
et al (2005) and concluded that Wojtan et al(2005) is relatively well for the prediction 
of flow pattern except for the cases of transition of the  patterns. The flow map for 6.1 
mm at -15 oC saturation temperature is shown in Figure 4.5.  
In the present study, we also compared the experimental results with the Cheng et al 
(2008) which is a modified version of Wojtan et al (2005) for CO2.  The Figure 4.5 
shows the predicted flow map of Cheng et al. (2008). Both of the model predict 
relatively well except transitions and Cheng et al (2008) model predicted dry out 
regime at high quality which is not observed in the experiments of Park (2006) and 
also in this study. 
The prediction of the pure CO2 flow map by using Cheng et al (2008) is shown in 
Figure 4.6 and 4.7. The predictions for mass flux 40 kg/m2s and 100 kg/m2s are 
generally stratified wavy flow and for 200 kg/m2s is annular flow but the heat transfer 
coefficient trends and tube wall temperature determine that even for the 200 kg/m2s , 
stratified wavy flow is dominated. For the oil effect in the heat transfer coefficient, 
trends show that the heat transfer coefficient is increased by the increased quality 
which means that for higher quality local concentration of the oil is increased and this 
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increase results in earlier transition to the annular flow. It is investigated that the 
visualization experiments do not agree with any of the flow map prediction methods. 
For the pure CO2 it can be acceptable for lower mass fluxes but for the CO2-POE 
mixture it does not show any bubbly flow even in case of adopting  the thermo physical 
properties of the mixture. The bubbles occur in the flow due to the nucleate boiling 
and grow up with mass transfer in the liquid layer and suspend the liquid-vapor 
interface until the bubble inner pressure becomes greater than the vapor pressure. At 
that time the bubble inertial forces get larger than buoyancy forces so bubble explodes 
and affects the surrounded bubbles. 
As the oil circulation ratio increases, the bubble density in the interface of liquid-vapor 
is augmented. It gets more significant over oil circulation ratio, more than 2%. 
Meanwhile as the quality increases, the bubble density increases but at the same time 
due to the change of slip ratio between the liquid and vapor velocity, the bubble size 
gets smaller. 
The oil contamination also causes in wavy flow in earlier stage of the quality. For 
example, for the 40 kg/m2s mass flux in all quality values, the flow pattern is stratified 
smooth but as the oil concentration increases, the stratified-smooth flow changes into 
stratified-wavy flow over the quality 0.3. It is also shown that the instability of the 
flow changes rapidly due to the mixture properties. Figure 4.7 and Figure 4.8 show the 
flow maps for inner diameter 6.1 mm while Figure 4.9 and Figure 4.10 show for inner 
diameter 11.2 mm. 
 
Figure 4.7 : The predicted flow map at -15 0C saturation temperature, q= 10 kW/m2 
for ID=6.1 mm  by Wojtan et al.(2005) model 
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Figure 4.8 : The predicted flow map at -15 0C saturation temperature, q= 10 kW/m2 
for ID=6.1 mm  by Cheng et al.(2008) model 
 
Figure 4.9 : The predicted flow map at -15 0C saturation temperature, q= 10 kW/m2 
for ID=11.2 mm  by Cheng et. al.(2008) model 
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Figure 4.10 : The predicted  flow map at -30 0C saturation temperature, q= 10 kW/m2 
for ID=11.2 mm  by Cheng et. al.(2008) model 
4.3 Development of the New Correlation 
It is observed that to have a better prediction methodology, we need to modify the 
existing correlations with our data or develop a new correlation. Therefore, we have 
analyzed every equation function separately and used nonlinear regression to modify 
their empirical coefficients which have been developed based on their own data base. 
The formulation of the Gungor- Winterton’s and Cheng et. al. (2008) correlation is 
selected for that analysis. Both correlations are based on combination of nucleate and 
convective boiling and their interaction. Cheng et. al(2008) used asymptotic approach 
and flow regime to represent their interaction effect on heat transfer coefficient. 
Gungor- Winterton has suppression factor for nucleation and convection which is 
function of Boiling number and Martinelli parameter. This approach is used almost all 
in other correlations  with different order of empirical coefficients. 
The experimental data has discrepancy from these approaches because the modified 
correlation with nonlinear regression did not evaluate better prediction. The absolute 
deviation is higher than 30 %.  
As an example, the asymptotic approach is not applicable for D = 6.1 mm , q > 10 
kW/m 2, x< 0.25 and D=11.2 mm , q < 5 kW/m2 because this approach has an 
assumption that flow boiling heat transfer coefficient is always higher than 
 
75 
combination of the nucleate and convection boiling which is not convenient  with the 
experimental results. Figure 4.11 is illustrated the comparison between the 
experimental data and modified Gungor-Winterton correlation and as seen in the figure 
modification do not result better deviation than original correlation. Equations 4.1 to 
Equation 4.3 are the modified correlations for each mass fluxes. The Gungor-
Winterton correlation parameters are so sensitive about mass fluxes change so to get 
improvement in deviation between experimental data and prediction every mass fluxes 
need to their own correlations. 
 
Figure 4.11 : The comparison of the experimental results with the modified 
correlation of Gungor-Winterton  
 
Figure 4.12 : The comparison of the experimental results with the modified 
correlation of Cheng et. al (2008) with different regression types. 
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Figure 4.13 : The comparison of the experimental results with the developed 
correlation. 
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This equations are evaluated by using non-linear regression to have better prediction 
for each mass flux values. The absolute deviation from experiments has been 
decreased but the correlation does still not give the correct physical trend for heat 
transfer coefficient with respect to the quality, in each case. Also having different 
equations for each condition is not a practical and general solution for having 
prediction of heat transfer coefficient. 
Cheng et. al. (2008) equation is modified for convection part for stratified and annular 
flow. This is the most common correction method for experimental range for high 
reduced pressure fluid or oil effect from literature but for CO2 at subcritical condition 
it is not applicable for all experimental range.  
By using several different regression types and extracting some of the experimental 
data, we did not have better prediction; on the contrary, the resulting relation 
overestimated all data. This indicates that we also need to deal with nucleation part 
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and modify the correlation for nucleation or have another correction factor for both 
nucleation and convection.  
Another new correlation has been developed by using Bo, Xtt, Re dimensionless 
groups (Dittus Bolter correlation), and nucleate heat transfer correlation (Cooper 
correlation). Equation 4.4 is evaluate from experimental data for inner diameter 6.1 
mm pure CO2 flow boiling heat transfer coefficient. The modification and 
development have been realized with nonlinear regression based on experimental data 
for ID=6.1 mm.  It gives better prediction but this type of correlation is useful only for 
its own data base and cannot have in good agreement with different experimental 
range, for instance, for different diameters. Thus, this is not a generalized prediction 
method and needs in further work. 
htp=-66.9*105Bo+299.85Xtt-1.243Re+12.32hconvection+1.45hnucleate            (4.4) 
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5. CONCLUSIONS   
In this study, flow boiling of carbon dioxide with and without oil conditions has been 
analyzed. The experiments are carried out for 6.1 mm and 11.2 mm inner diameter 
smooth and 11.2 mm micro-fin tube with 180 helix angles at saturation temperature 
values for -15 0C and -300C, mass fluxes between 40 and 200 kg/m2s, heat fluxes 
between 1 and 10 kW/m2, and oil circulation ratio from 0.5 % to 4 %.  
The effects of heat flux, mass flux, quality, and saturation temperature on the flow 
boiling of heat transfer are presented and the changes in the heat transfer performance 
with oil addition are analyzed. The flow boiling heat transfer trend of pure CO2 agrees 
with previous studies. The strong dependence on nucleate boiling and the effect of 
mass flux are important in determination of the flow pattern and corresponding heat 
transfer performance. The effect of lubricating oil was investigated with an OCR from 
0.5 to 4 %. When the nucleate boiling is dominant, oil addition degrades the heat 
transfer of two-phase flow, due to the suppression of nucleate boiling. However, the 
increase in surface tension due to the oil contamination reduced the wall dry out and it 
caused in increasing the heat transfer coefficient. 
The experimental results showed that oil contamination increased the flow 
instabilities. This resulted in wavy flow and also caused bubbles to be formed on the 
interface of the vapor-liquid layer, disturbing the liquid layer. In literature, it is called 
as foaming but in that situation all bubbles move individually in the liquid phase. 
Meanwhile, mass transfer through the bubble to liquid continues until bubble inner 
pressure becomes greater than vapor pressure followed by the explosion of the 
bubbles. That explosion of bubbles caused in additional forces to surround. Due to this 
series of events, the phenomenon is not called as foaming; it is called as bubbly-
stratified flow or bubbly-annular wavy flow in this study. 
The studies reported in literature showed that the flow boiling heat transfer coefficient 
of pure carbon dioxide is higher than other traditional refrigerants, especially in the 
low vapor quality region and tends to decrease with vapor quality, which is contrary 
to other refrigerants. This is due to the dominance of the nucleate boiling at low vapor 
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qualities. Meanwhile, most of the studies concluded that widely used empirical 
correlations that were widely used for other refrigerants did not agree well with the 
experimental results on carbon dioxide and this subject needs further works. 
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APPENDIX A : Summary of the studies in the literature 
Table A.1 Summary of the studies in the literature 
Authors Pure/Oil 
Geometry 
and Tube 
Material 
Diameter 
(mm) 
Saturation 
Temperatur
e (°C) 
Mass 
Fluxes 
(kg/m2s) 
Heat 
Fluxes 
(kW/m2) 
Oh et al 
2009. 
Pure  
Horizontal 
Stainless 
steel 
ID=0.5 
ID=1.5 
ID=3 
0 - 15 50-600 5-40 
Schael 2005 Pure  
Smooth 
microfin 
ID=8.62 
OD=9.52 
5, -15 75 - 750 120 
Zhao 2009 Pure 
Smooth  
stainless 
steel 
ID=4.57 -24.3, -40.6 149 - 250 12 – 20.9 
Hashimoto 
2008 
Pure 
Smooth 
tube 
Copper 
tube 
OD=6 
ID=5.2 
0 – 10 150 - 700 10 - 40 
Jeong 2007 
 
Pure  
6 channel 
Multi-
channel 
Micro 
tube 
ID=0.8 0 - 10 400 – 1000 0 – 18 
Jeong 2000 
 
Pure  
Smooth 
multi-
channel 
Micro 
multi-
channel 
ID=0.8 
8 grooved 
aluminum 
0.5, 10 400 – 800 12 - 18 
Oh et al 
2010 
Pure  
Smooth 
stainless 
steel tube 
ID=4.57 0 – 40 
200 – 
100
0 
10 – 40 
Dang, Li, 
Hihauz, 
2010  
PAG100 
0.5-5% 
105mm2/
s at 40°C 
20mm2/s 
at 100°C 
viscosity 
Smooth  
SUS 316 
ID=2 15 
360, 720, 
1440 
4.5, 9, 
18, 36 
Wu, Koettig 
2011 
Pure  
Smooth 
stainless 
steel 
ID=1.42 -40 - 0 300 - 600 
7.5 – 
29.8 
Mastrullo et 
al 2009 
Pure  
Smooth 
stainless 
steel 
ID=6 -7.8 – 5.8 200 – 349 10 - 20.6 
Yun, 2009  Pure  
Smooth 
stainless 
steel 
ID=0.98 
ID=2 
0 – 10 
5 – 10 
1000 – 
2000 
500 - 2000 
20 – 40 
16 – 37 
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Table A.1 (continued): Summary of the studies in the literature 
 
 
Authors 
 
Pure/O
il 
 
Geometry 
and Tube 
Material 
 
Diameter 
(mm) 
 
Saturation 
Temperatu
re (°C) 
 
Mass 
Fluxes 
(kg/m2s) 
 
Heat 
Fluxes 
(kW/m2) 
Ami et al 2009 Pure  
Stainless 
steel 
ID=0.51 
ID=1 
ID=2 
5 – 6 MPa 200 – 800 5 – 40 
Ozawa, 2009  Pure  
Stainless 
steel 
ID=1 
ID=2 
ID=3 
5 – 6 MPa 500 – 900 30 – 40 
Seigimund 
2001 
Oil 0-
10% 
Aluminu
m 
ID=0.81 0 – 10 
0.2 – 2 
(g/s) 
N/A 
Hara, 2010 Pure  SUS 304 
ID=0.51 
ID=1.23 
4 – 7 MPa 80 – 700 5 – 30 
Choi, 2007 Pure 
Stainless 
steel 
ID=1.5 
ID=3 
-10, -5, 0, 
10 
200 – 600 20 – 40 
Yoon, 2004 Pure 
Stainless 
steel 
ID=7.53 -4 – 20 200 – 530 12 – 20 
Yun, 2005 Pure 
Stainless 
steel 
ID=0.98 
ID=2 
0 – 5, 10 500 – 3570 7 – 48 
Ozawa, 2010 Pure  
Stainless 
steel 
ID=0.51 5.3 – 28.7 80 – 900 5 – 40 
Park and 
Hrnjak 2007 
Pure 
Smooth 
copper 
ID=3.5 
ID=6.1 
-15, -30 100 – 600 5 – 15 
Gao 2005 
PAG 
oil 
Copper 
Smooth 
microfin 
ID=3 
IDmicrofin=3.
04 
10 190 – 1300 5 - 30 
Dang 2006 PAG 
Smooth 
stainless 
steel 
ID=2 
ID=4 
ID=6 
15 170 – 320 4.6 – 36 
Gao and 
Honda(2005) 
PAG 
Smooth 
stainless 
steel 
ID=3 10 200 – 1300 10 – 30 
Tarake2006 PAG 
stainless 
steel 
ID=1 15 360 – 1440 36 
Katsuta2009 PAG 
stainless 
steel 
ID=4.59 10 400 – 800 5 – 15 
Hassan 2004 PoE 
stainless 
steel 
ID=10.06 -30 – (-10) 90 – 125 5 – 16.5 
Zhao 2011 
Miscib
le oil 
Micro-
channel 
ID=0.86 0 – 15 100 – 700 11 
Koyama 2002 PAG 
Smooth 
copper 
microfin 
ID=4.42 
ID=4.90 
5.3 360 – 650 N/A 
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APPENDIX B: The flow patterns by flow visualization experiments 
 
 
 
 
Figure B.1. The flow pattern at -15°C saturation temperature, mass  flux 40 kg/m2s for 
11.2 mm inner diameter with and without oil  a) OCR=0% b) OCR=2% 
 
 
 
Figure B.2. The flow pattern at -15°C saturation temperature, mass  flux 100 kg/m2s 
for 11.2 mm inner diameter with and without oil a) OCR=0% b) 
OCR=2% c) OCR=4% 
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Figure B.3. The flow pattern at -15 0C saturation temperature, mass  flux 200 kg/m2s 
for 11.2 mm inner diameter with and without oil a) OCR=0% b) 
OCR=2%  
 
 
 
 
Figure B.4. The flow pattern at -30 0C saturation temperature, mass  flux 40 kg/m2s 
for 11.2 mm inner diameter with and without oil a) OCR=0% b) 
OCR=0.75% c) OCR=2% 
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Figure B.5.The flow pattern at -30 0C saturation temperature, mass  flux 100 kg/m2s 
for 11.2 mm inner diameter with and without oil a) OCR=0% b) 
OCR=0.75% c) OCR=2% 
 
 
Figure B.6. The flow pattern at -30 0C saturation temperature, mass  flux 200 kg/m2s 
for 11.2 mm inner diameter with and without oil a) OCR=0% b) 
OCR=0.75% c) OCR=2% 
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APPENDIX C: Correlations related to two-phase flow boiling 
 
Table C.1:  Correlations related to two-phase flow boiling 
Reference Correlations 
Cooper [ 1969] hnb = 55pr
0.12 q2/3 (-log10 pr)
-0.55 M-0.5 
Gungor and Winterton [1981 ] 
htp = Eh1 + Shnb  
S = 1/(1 + 1.15 × 10-6 E2 Re1
1.17) 
E = 1 + 2.4 × 104 Bo1.16 + 1.37(1/Xtt)
0.86  
Jung et al.[1989] 
htp = Eh1 + Shnb  
hnb = 207(kf / bd) (qbd / kfTsat)
0.745 (ρg / ρl)0.581 
Pr1
0.533 
bd = 0.0146 × 35 × (2σ / g(ρl – ρg))0.5  
E = 2.37(0.29 + 1/Xtt)
0.85  
When Xtt  < 1, S = 4048(Xtt)
1.22 (Bo)1.13  
When 1 < Xtt < 5, S = 2.0 – 0.1(Xtt)-
0.28(Bo)1.13  
Kandlikar [1990 ] 
hCBD = (1.1360Co
-0.9 + 667.2Bo0.7 Ffl)h1  
hNBD = (0.6683Co
-0.2 +1058Bo0.7 Ffl)h1  
htp is the larger of hNBD and hCBD  
Liu and Winterton [1991] 
 
htp =    (Fhl)
2 + (Shnb)
2  
F = [1 + xPrl(ρl / ρg -1)]0.35  
S = (1 + 0.055F0.1 Rel
0.16)-1  
Kattan et al. [ 2004] 
htp = (dθdry × hvapor + d(2π – θdry)hwet)/2πd 
hwet = [hnb
3 + hcb
3]1/3 
hcp = 0.0133(4G(1 – x)δ/((1 – ε)μl)0.69(Cplμl / 
λl)0.4(λl/δ) 
hvapour = 0.023(mxd/εμg)0.8((Cpgμg/ λg))0.4(λg 
/d) 
Yoon et al. [2004 ] 
xcr·t = 0.0012Rel
2.79 (1000Bo)10.06 Bd-4.76  
x < xcr·t, htp = [(Shnb)
2 + (Ehl)
2]1/2  
S = 1/(1 + 1.62 × 10-6 E0.69 Rel
1.11) 
E = [1 + 9.36 × 103xPrl(ρl  / ρg) – 1]0.11  
x > xcr·t, htp = (θdry × hv + (2π - θdry)Ehl)/2π 
E = 1 + 3000Bo0.86 + 1.12(x/(1 – x))0.75(ρl  / 
ρg)0.41  
θdry/2 π = 36.23Re3.47 Bo4.84 Bd-0.27 (1 / 
Xtt)
2.6  
Wattelet et.al[1994] 
htp = (h1
n + hnb
n )1/n 
n=2.5 
F=fn(Xtt)   R=fn(Fr1) 
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APPENDIX D:    The comparison of the experimental results with two-phase flow 
boiling correlation for inner diameter tube 6.1 mm 
  
  
Figure D.1. The comparison of the D=6.1  mm smooth tube T= -15 0Cexperimental result 
with  different correlations 
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Figure D.2. The comparison of the D=6.1  mm smooth tube T= -15 0Cexperimental results 
with  different correlations 
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Figure D.3. The comparison of the D=6.1 mm smooth tube T=-15 0C experimental 
results with different correlations 
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Figure D.4. The comparison of the D=6.1 mm T=-30°C all experimental point with predictions 
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Figure D.5. The comparison of the D=6.1 mm T=-30 0C all experimental point with predictions   
 
 
101 
 
  
 
Figure D.6. The comparison of the D=6.1 mm T=-30 0C all experimental point with predictions 
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APPENDIX E:  The comparison of the experimental results with two-phase flow 
boiling correlation for inner diameter tube 11.2 mm 
 
  
  
Figure E.1. The comparison of the D=11.2  mm smooth tube T=-15 0C  experimental results with 
different correlations 
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Figure E.2. The comparison of the D=11.2  mm smooth tube T=-15 0C  experimental results 
with different correlations 
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Figure E.3. The comparison of the D=11.2 mm smooth tube T=-15 0C experimental 
results with different correlations 
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Figure E.4. The comparison of the D=11.2 mm T=-30°C all experimental point with predictions 
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Figure B.4. The comparison of the D=11.2 mm T=-30 0C all experimental point with predictions 
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